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This study documents the evolution of cementitious and polymeric material
development for aerial additive manufacturing (AAM). AAM is designed to bring
multi-agent aerial mobility to additive manufacturing (AM, also known as 3D-printing)
in the construction industry, in order to create or repair structures in challenging
environments, ranging from working at height to post-disaster reconstruction. AAM
involves coordinated unmanned aerial vehicles (UAVs - commonly referred to as
’drones’) carrying lightweight deposition devices extruding material through a nozzle
while in-flight. Prior to this study, investigations into AM construction involved large
printing frames or ground-based robotic arms.
AM can benefit the construction industry. With the extrusion method, a printed
object is built up one defined layer at a time, only depositing material where required
thus reducing wastage. Increased automation can reduce labour costs, formwork
costs, accidents and fatalities, while offering bespoke design at minimal extra cost.
However, the absence of formwork is a major challenge for 3D-printable construction
materials while in the fresh state. Suitable rheological properties are needed, as material
must possess sufficient workability to pass through a deposition system, yet retain
the required buildability, following extrusion, to resist deformation due to subsequent
layers.
High-density polyurethane foam material was investigated. Cured foam was
structurally viable, but fresh properties prior to curing proved rheologically unsuitable
for formwork-free extrusion due to excessive lateral deformation.
Focus then turned to cementitious materials and the development of novel pastes
and mortars suitable for in-situ AAM in a range of environmental temperatures.
Mixes are ordinary Portland cement-based and feature a wide range of additives
and admixtures. Material was extruded from miniature deposition devices while
attached to coordinated flying UAVs following pre-programmed trajectories. Suitable
structural material possessed shear-thinning properties promoted by a combination of
pseudoplastic hydrocolloids. Fibre volumes were up to 1% for structural compressive
material ≈1700 kg/m3 and 2% for ductile material ≈1400 kg/m3.
Cementitious material developed in this study shows the potential for AAM to be
used for rapid, high precision repair work in infrastructure, elevated, marine or tidal
applications, in addition to the creation of innovative lightweight structures.
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In this opening chapter, the concept of aerial additive manufacturing (AAM), along
with the associated research project, is introduced. The aim and objectives of the PhD
are presented along with the thesis structure and a summary of dissemination to date.
Unmanned aerial vehicles (UAV) are introduced, with a background to current
applications, the justification behind the AAM project and the potential to
revolutionise AM in the construction industry by miniaturising the material-extrusion
process and bringing multi-agent aerial capability to automated construction.
Deposition and material strategies are outlined, showcasing a dual approach using
Polyurethane foam and ordinary Portland cement (OPC)-based pastes and mortars.
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1.1 Additive manufacturing and the built environment
Additive manufacturing (AM), commonly referred to as 3D-printing, has been defined
by the American society for materials and testing as "the fabrication of objects through
the deposition of a material using a print head, nozzle, or another printer technology"
and, of more relevance to construction, as the process of "joining materials to make
objects from 3D model data, usually layer upon layer" (Labonnote et al., 2016).
The past decade has seen an increase in the number of AM projects in the construction
industry and construction-related academia, autonomously creating larger scale objects
using 3D-printable concrete or mortar, in addition to polymers. Fresh material
rheological properties, choice of aggregate and speed of curing are key to such studies.
Traditionally, construction of the built environment has used the following two methods
(Buswell et al., 2007):
• Subtractive: Material is cut, or machined, down to required dimensions.
• Formative: casting or shaping material within a mould or constructed temporary
formwork.
The development of AM in construction has been relatively slow in comparison to other
industrial sectors (Buswell et al., 2007) and is still essentially in a state of relative
infancy (Bos et al., 2016). There can be high costs involved with regards to printing
equipment, digital model creation (Sakin and Kiroglu, 2017) and raw AM materials
(Barnett and Gosselin, 2015). However, AM can offer the following advantages over
traditional construction methods:
• In direct contrast to subtractive manufacturing, the extrusion method of AM
builds material layer by layer, only depositing the material specifically required
and reducing wastage.
• Reducing formwork costs, which can be as high as 60% of expenditure involved
for concrete structures (Rubio, Sonebi and Amziane, 2017).
• Less labour is required, reducing costs and risks of delays.
• Construction work, particularly at height, is dangerous and increased automation
on a project reduces the risk of accidents, injuries and fatalities.
• When an integrated approach involving services is undertaken, there are potential
cost benefits to using AM despite high raw material costs (Buswell et al., 2007).
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• Homogeneous layers reduce detailing requirements and risk of associated remedial
work.
• The scope for bespoke design at no extra cost, as 3D printing a complex design
takes no longer than printing a more simple design.
Construction projects using AM methods can be either 3D-printed in-situ, with the
deposition equipment located on site, or alternatively in a factory or laboratory
environment, with the deposition equipment printing components that are subsequently
transported to site and assembled.
Both methods have advantages and disadvantages. Factory pre-fabrication enables
construction in a known, controlled and sheltered environment. However, transporting
components, which may be very large elements such as walls, floors, beams and columns,
is expensive and logistically difficult. In addition, on-site assembly can be hazardous.
An automated in-situ construction method can be customised to a specific site, adapt to
changing site conditions and improve process control (Keating et al., 2017). A potential
drawback of in-situ construction is significant climatic variation, as materials may be
sensitive to temperature change and deposition equipment itself may be vulnerable to
the elements, particularly wind loading. Generally, off-site factory prefabrication is
suited to large, static automated deposition systems whereas in-situ construction is
suitable for smaller, mobile deposition systems.
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1.2 Introducing the aerial additive manufacturing project
Unmanned aerial vehicles (UAV), often referred to as ’drones’ or ’aerial robots’, can be
defined as aircraft flown with no pilot present on board (Chen, Laefer and Mangina,
2016) and as a re-usable aircraft capable of a variety of missions. Current UAV use in
construction primarily concerns surveillance (Drones Direct, 2017), safety inspection
work and data gathering for 3D modelling (Ghaffar, Corker and Fan, 2018).
The aerial additive manufacturing (AAM) project (also referred to as aerial additive
building manufacturing) is a UK Engineering and Physical Sciences Research Council
(EPSRC)-funded five year research programme, grant number EP/N018494/1 (EPSRC,
2015). The purpose of the project is to develop the world’s first aerial method of
3D-printing structures and building-related components autonomously using UAVs
(Aerial Additive Manufacturing, 2016). The use of coordinated UAVs to extrude a
construction material in order to create or repair a structure represents a revolutionary
new method of in-situ AM, and UAV use, in the construction industry.
The encompassing vision for the project is graphically illustrated in Figure 1-1 (Aerial
Additive Manufacturing, 2016). Initially conceived as a construction method for
building shelters in a post-disaster reconstruction scenario, as the study progressed,
the vision evolved into a coordinated aerial approach for realising lightweight, intricate
grid-shell structures and administering precision repair work. The project was
influenced by coordinated and on-the-fly construction in the natural world, such as the
nest building activities of swallows and wasps along with the cooperative behaviour of
eusocial insects such as termites.
The AAM project introduces a further layer of development in multi-agent AM
methods, with UAVs as the agents. Multiple agents are required to accelerate
construction due to payload restrictions, with each agent carrying small quantities
of material. Agents are mobile and trajectories will overlap. Each agent must be aware
of the location of other agents, avoid collisions, be aware of locations where material
has been previously printed by other agents, and where to commence printing.
AAM is intended to be particularly applicable in the following circumstances:
• Construction work to be carried out at height.
• High-precision repair work on infrastructure and structures, particularly in





Figure 1-1: Aerial Additive Manufacturing project vision (Aerial Additive
Manufacturing, 2016). a) 3D-printing domed shelters in a post-disaster reconstruction
scenario. b) Coordinated 3D-printing of lightweight latticed or grid-shell structures.
where human accessibility and a high potential for accidents or fatalities are
issues.
• Uneven site topography.
• Post-disaster reconstruction.
• Designs requiring large or irregularly-shaped building envelopes.
With commercially available quadcopter UAVs capable of flying at maximum heights
of up to 5000 metres (Chen, Laefer and Mangina, 2016), UAVs would not only release
AM in construction from ground-based restrictions, but could administer repair work
at great height.
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Research conducted during the project involves three universities in partnership - the
University of Bath, Imperial College London and University College London (UCL). In
addition to the academic investigators, post-doctoral researchers and PhD students
located at each institution, there are supporting industrial partners and external
advisers, which include Skanska (construction), Buro Happold (structural engineering),
Ultimaker BV (3D printing) and the Building Research Establishment (BRE) Trust
(materials science for construction).
The academic structure of the research conducted for the AAM project is illustrated
in Figure 1-2. The role undertaken by this PhD, as highlighted, concerns the
development of polymeric and cementitious materials suitable for being autonomously
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Figure 1-2: Aerial Additive Manufacturing academic structure - the role of this PhD
thesis is highlighted.
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1.3 PhD aim and objectives
The overriding aim of this PhD is to develop a construction material for AAM,
with an appropriate balance between workability (liquid-like flowing behaviour) and
buildability (solid-like elastic behaviour) in a viscoelastic fresh state, which possesses
structural properties once cured. The material should be suitable for deposition by a
miniaturised device, which may be carried and powered by a flying UAV.
Existing research into materials for AM in the construction industry focuses upon
3D-printable cement and polymeric materials, with numerous additional materials
investigated for fibrous or continuous cable reinforcement. Both 3D-printable
cementitious material and polymers would be investigated for this research, with an
initial phase of investigation to be carried out on both approaches, followed by a decision
to focus upon the most suitable option. Metal would be too energy-intensive for AAM,
placing excessive demands upon the battery of a flying UAV, and would not feature
in this research. Steel fibres are unsuitable for AAM cementitious material due to the
size of the miniature deposition device and safety concerns concerning sharp protruding
fibres, resulting in a dangerous material to handle. Multiple alternative synthetic and
natural chopped fibre materials are viable for investigation.
To achieve the aim, the PhD objectives can be stated as follows:
1. Investigate properties of high and low density polyurethane foam and develop a
foam material suitable for AAM.
2. Determine whether micro-particles, added to modify the rheology of the freshly
mixed liquid components of polyurethane foam, effectively increase viscosity.
3. Investigate properties of cementitious materials and develop a suitable mortar for
AAM.
4. Decide which material is the most appropriate for AAM and focus upon
development of that material.
5. Develop effective methods of altering fresh properties of cementitious materials
with the use of rheologically modifying admixtures (RMA).
6. Ensure that developed and modified material has sufficient workability to pass
through a miniaturised deposition system.
7. Consider energy use, such that material should be extruded while being powered
by a UAV battery and not require additional energy sources.
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8. Examine methods of promoting the rapid hardening of fresh material as soon
as possible after extrusion, significantly reducing open-time in order to reduce
deformation due to subsequent layers.
9. Introduce fibres into fresh mixes to provide an element of reinforcement, ductility
and resistance to crack propagation.
10. Identify and recommend an optimal mix design for AAM applications.
Objective 4 would follow an initial phase of experimentation for both polyurethane
foam and cementitious mortar, with focus on the chosen material continuing for the
remainder of the research. The encompassing challenge of processing a buildable
material using a small deposition device, and the major restriction provided by the
capabilities of a UAV battery to power the extrusion, was broken down into phases
of experimentation detailed in 1.5. Objectives 2 and 5 contrast, with foam needing
increased viscosity and mortar requiring a reduction in viscosity during processing.
The materials-based aim of this PhD forms part of the wider aim of the AAM Project,
to develop the world’s first aerial robotic construction system enabling autonomous
in-situ building, or repair, of structures. The project involves the miniaturisation
AM in construction and is aimed to promote innovation in design, be adaptable to
site conditions and expand communication capabilities between multiple automated
printing agents.
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1.4 Materials introduction and strategy
This study investigates fresh and cured properties of both developed cementitious and
polyurethane foam materials. Tests on cured materials ascertain whether they are
structurally viable in compression, with flexural and tensile properties imparted by
added fibrous reinforcement. Rheological flow and oscillation studies of fresh material
form part of the fresh mix tests, with yield stress, viscosity, complex modulus G*
(quantification of stiffness) and phase angle δ (quantification of viscoelasticity) all
being important parameters in determining whether a fresh material is suitable for
AAM deposition. Curing times of fresh material present a major challenge. Once
deposited, the material should not significantly deform. In the absence of formwork,
sufficient buildability must be provided by either using the rheological properties of
fresh deposited material, or promotion of material hardening with an accelerating agent.
1.4.1 Polyurethane foam
Three types of polyurethane foam, manufactured by Isothane Ltd., were tested during
the study: Low density LD40, medium density Reprocell 300 and high density Reprocell
500. The use of high density polyurethane foam is not established in the construction
industry and mechanical tests needed to be developed to assess the structural potential
of the cured, high density material. Tests would also need to focus upon the fresh
properties, especially curing times of fresh material and the extent to which deformation
following extrusion, in the form of lateral expansion of the freshly mixed liquid
components, occurred. Tests involving adding particles to the freshly mixed material
would also need to take place in an attempt to increase viscosity and reduce lateral
deformation following extrusion.
Initial design development for a miniature deposition device was informed by the use of
high expanding, low density polyurethane foam liquid components (Hunt et al., 2014).
The initial phase of material experimentation for this PhD further investigated the
suitability of both high and low density polyurethane foam for AAM.
1.4.2 Cementitious material
Cementitious material experiments involved a variety of additives and admixtures being
added to CEM I-based mixes throughout this PhD study to modify the rheological
properties of fresh material and assess whether there were ensuing negative impacts
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upon cured properties for structural purposes. Agents such as accelerators, retarders
and calcium aluminate cement (CAC) were investigated for effectiveness in modifying
open times.
While it was important to carry out tests on cured material to determine that AAM
cementitious material would remain structurally viable, extra emphasis needed to be
placed upon the properties of the freshly mixed material. This is due to the fact that
AAM required the miniaturisation of the deposition process in relation to all other AM
studies, which used much larger ground-based deposition equipment.
Fresh cementitious mix properties would require modification to pass through a
lightweight deposition system powered by a UAV. The use of additives (defined as
supplementary cementitious materials added to ordinary Portland cement, or ’CEM
I’, during manufacture in industry such as pulverised fuel ash, silica fume and fine
aggregate) and admixtures (defined as ingredients added to cementitious materials
during the mixing process such as rheology modifying admixtures, accelerators,
retarders and plasticisers) to modify the rheology and water/binder ratios of freshly
mixed material as appropriate, would be required for AAM.
Tests on fresh material would take place using deposition equipment both operated in
a laboratory setting individually by the author and in collaborative workshops with
project partners featuring multiple UAVs in flight.
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1.5 Thesis format
The PhD thesis is presented as eleven chapters, with this introduction/review forming
chapter 1. Chapter 2 is a literature review which examines additive manufacturing,
ground-based research investigations, choice of materials, rheology and test methods.
Chapters 3 - 10 consist of written journal and conference papers, the publication or
submittal status of which is summarised in section 1.6. Chapter 11 contains conclusions
and recommendations for continuing research in the field of AAM, which is followed
by a full thesis bibliography. Finally, included as an appendix is a full, project-wide
collaborative journal paper featuring work from all AAM project partners. The full
thesis structure is illustrated in Figure 1-3.
The initial phases of investigation into polyurethane foam constitute chapters 3 - 5,
with chapter 5 also introducing the strategy and initial phase of experimentation for
cementitious mortars. A decision was made to focus upon cementitious materials
and chapter 6 covers the following phase of experimentation on mortars. Chapters
7 and 8 introduce Rheology modifying admixtures (RMAs) into cementitious material
and describe project workshops featuring the successful deposition of the material by
multiple UAVs. Chapters 9 and 10 investigate the addition of fibres and rapid-hardening
calcium aluminate cement (CAC) to cementitious pastes and mortars.
Chapters 3 - 10 feature the following format:
• Journal/conference paper title, also serving as the chapter title.
• Commentary text, serving as a linking narrative between chapters.
• Statement of authorship, detailing the contributions of the thesis author and
co-authors specific to the paper.
• Copyright and permission statement, where appropriate.
• Full journal/conference paper manuscript(s) - either published, under review or
ready to submit - with abstract, list of abbreviations, keywords, manuscript text,
acknowledgements and data access statement (with the relevant data archive and
DOI number stated). All manuscripts feature in-text citations. A full list of
references covering all chapters is included at the end of the thesis, following the
conclusions, as one complete merged bibliography.
• Chapter 4 contains an additional supplementary research section containing
additional characterisation content omitted from the journal manuscript following
first review.
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The journal and conference paper manuscripts were (or will be) each submitted with
a concluding list of references, relevant to that paper, taken from the full thesis
bibliography.
For visual cohesion and consistency, published journal and conference paper chapters
are formatted to match the ready-to-submit journal papers, opening introduction,
literature review and concluding chapters rather than as directly inserted pdf
documents in published format.
Within the chapters, Figures, Tables and equations have the following formats:
• Figures have a chapter-figure number format, for example chapter 8, Figure 1 is
8-1
• Tables have a chapter.number format, for example chapter 8, Table 1 is 8.1




Development of high-density polyurethane 
foam with micro-particles and introducing the 
cementitious approach
Chapter 3: Journal 
paper - Aerial additive 
building manufacturing: 
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printing of polymer 
structures using drones
Chapter 4: Journal 
paper - Boundary 
analysis of 
polyurethane foam 
structures for aerial 
additive manufacturing
Chapter 5: The 
transition from 
polyurethane foam to 
cement (two 
conference papers 
merged into one 
chapter)
Decision made to continue with cement -
development of cementitious pastes and 
mortars with additives and admixtures 
Chapter 6: Journal 
paper - Development of 
cementitious mortars 
for aerial additive 
manufacturing
Chapter 7: Journal 
paper - Fresh 
properties of 
pseudoplastic mortars 
for aerial additive 
manufacturing
Chapter 8: Journal 
paper - Aerial additive 
manufacturing: 3D 
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robots
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systems for aerial 
additive manufacturing
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merged into one 
chapter)
Full thesis bibliography
Appendix A: Full 
project-wide journal 
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Chapter 2: Literature 
review
Figure 1-3: PhD thesis structure
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1.6 Summary of dissemination
The research carried out in this study (chapters 3 - 10) comprises six journal papers
and four international conference papers as summarised below:
• Dams, B., Sareh, S., Zhang, K., Shepherd, P., Kovac, M. and Ball, R., 2017.
Aerial additive building manufacturing: three-dimensional printing of polymer
structures using drones. Proceeding of the Institution of Civil Engineers:
Construction Materials., pp.1 - 12. Journal paper published by ICE: Construc-
tion Materials. ISSN 1747-650X. http://dx.doi.org/10.1680/jcoma.17.00013
Comprises chapter 3 of this thesis.
• Dams, B., Wang, S., Awang Ngah, S., Shepherd, P. and Ball, R.J.,
2017. Boundary analysis of polyurethane foam structures for aerial additive
manufacturing. Journal paper under review by Additive Manufacturing.
Comprises chapter 4 of this thesis.
• Dams, B., Peng, J., S., Shepherd, P. and Ball, R.J., 2018. Cementitious mortars
and polyurethane foams for additive building manufacturing. Conference paper
published in the proceedings of the Institute of Materials, Minerals and Mining’s
(IOMMM) Young Researchers Forum IV, University of Northumbria, UK, 9 April
2018. p. 103 - 107.
Content contained in chapter 5 of this thesis.
• Dams, B., Wu, Y., Shepherd, P. and Ball, R.J., 2017, September. Aerial additive
building manufacturing of 3D printed cementitious structures. Conference paper
published in the proceedings of the IOMMM 37th Cement and Concrete Science
Conference, University College London, UK, 11 - 12 September 2017. pp.
345-348.
Content contained in chapter 5 of this thesis.
• Dams, B., Mao, Y., Shepherd, P. and Ball, R.J., 2019. Development of
cementitious mortars for aerial additive manufacturing. Journal paper ready
for submission. Target journal: Construction and building materials.
Comprises chapter 6 of this thesis.
• Dams, B., Shepherd, P. and Ball, R.J., 2019. Fresh properties of pseudoplastic
mortars for aerial additive manufacturing. Journal paper ready for submission.
Target journal: Cement and concrete composites.
Comprises chapter 7 of this thesis.
• Zhang, K., Chermprayong, P.,Xiao, F., Tzoumanikas, D., Dams, B., Kay, S.,
Li, W., Hirschmann, S., Soana, V., Awang Ngah, S., Sareh, S., Margheri, L.,
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Pawar, V., Ball, R.J., Williams, C, Shepherd, P., Leutenegger, S., Stuart-Smith,
R., Kovac, M., 2019. Aerial additive manufacturing: 3D Printing with multiple
autonomous aerial robots. Journal paper currently under review by Nature.
This author’s materials content contributed to the paper comprises chapter 8 of
this thesis. The full paper is contained in the appendix, A.
• Dams, B., Lumlerdwit, K., Shepherd, P. and Ball, R.J., 2018. Fibrous
cementitious material development for additive building manufacturing.
Conference paper published in the proceedings of the IOMMM 38th Cement
and Concrete Science Conference, University of Coventry, UK. 10 - 11 September
2018. ISBN 13 978-1-84600-088-1.
Content contained in chapter 9 of this thesis.
• Dams, B., Amornrattanasereegul, N., Shepherd, P. and Ball, R.J., 2019,
September. Cement-fibre composites for additive building manufacturing.
Conference paper published in the proceedings of the IOMMM 39th Cement and
Concrete Science Conference, University of Bath, UK, 9 - 10 September 2019.
pp. 14 - 18. ISBN 978-0-86197-201-2.
Content contained in chapter 9 of this thesis.
• Dams, B., Yu, S., Shepherd, P. and Ball, R.J., 2019. Development of fibrous
pseudoplastic quaternary cement systems for aerial additive manufacturing.
Journal paper ready for submission. Target journal: Cement and concrete re-
search.
Comprises chapter 10 of this thesis.
Published conference papers were accompanied by oral presentations by the author at
the respective events. Research from this study was also presented at the Materials for
Architecture conference organised by Composites UK and held at the ILEC, London,
25 - 26 April 2018. Extruded cementitious models arising from laboratory experiments
(featured in chapter 7) were exhibited at the Fantastical Multimedia Pop-up Project
visual arts event, Andrew Brownsword Gallery, University of Bath, UK, 20th July 2018
- 24th August 2018.
The full paper entitled "Aerial Additive Manufacturing: 3D Printing with multiple
autonomous aerial robots", which forms the appendix A of this thesis, is intended
to formally announce the success and results of 3D printing a cementitious structure
using multiple coordinated UAVs. This paper features input from all academic partners
involved in the project and is targeted at the very highest level of publication, being
currently under review by the journal Nature. Accordingly, due to terms and conditions,
the journal papers indicated as being ’ready for submission’ in this thesis will be
submitted following the successful publication of "Aerial additive manufacturing: 3D
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Printing with multiple autonomous aerial robots". Journal papers awaiting submission
will cite the published paper as appropriate.
Chronology note: The conference paper entitled "Cementitious mortars and
polyurethane foams for additive building manufacturing" was published after the
conference paper entitled "Aerial additive building manufacturing of 3D printed
cementitious structures". However, in this thesis they are included in reverse
publication order, with the purpose of bringing the foam experimentation to a








This literature review chapter presents the state of the art concerning additive
manufacturing (AM) in construction and the associated materials used throughout
this PhD study.
AM itself is introduced and an overview of the history of AM is provided. Key projects
investigating cementitious and polymeric AM applications for construction purposes
are reviewed along with material constituents, AM deposition methods, reinforcement
and crack propagation mitigation methods and test methodologies. A brief history of
unmanned aerial vehicle (UAV) use and design is covered, as is the current use of UAVs
within the construction industry.
An overview of rheology is presented. The history and role of rheology in the
development of suitable fresh cementitious mixes for both AM and non-AM alternative
applications such as grouts is detailed. In addition, the previous and alternative use of
the supplementary cementitious materials and rheology modifying admixtures utilised
in this thesis are reviewed.
Furthermore, the use of thermoplastic and thermosetting polymeric materials is covered
and uses for polyurethane foam, and AM projects involving polymers, are highlighted.
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2.1 Additive manufacturing
Additive manufacturing (AM) has been defined by the ASTM International Committee
F42 on AM Technologies as the "process of joining materials to make objects from
three-dimensional (3D) model data, usually layer by layer, as opposed to subtractive
manufacturing methodologies" (ASTM, 2012). Modern AM technology can be
traced back to the patented invention of stereolithography by Charles Hull in 1986.
Stereolithography involved the realisation of objects one discreet layer at a time by using
computer-controlled Ultraviolet (UV) rays to solidify a UV sensitive liquid polymer.
The first commercial AM machine appeared in 1987. Epoxy resins were also developed
for use with the new technology. (Wohlers and Gornet, 2016).
In the 1990s, three commercial methods of AM were established (Wohlers and Gornet,
2016):
• Fused deposition modelling - involving the extrusion of thermo-plastic filaments
from a nozzle to create an object one layer at a time from a digital, horizontally
sliced software model.
• Solid ground curing - this uses an UV-sensitive liquid polymer, solidifying full
layers in one pass by flooding UV light through glass-plate masks.
• Laminated object manufacturing - this method cuts from a volume of sheet
material with the use of a digitally guided laser.
Fused deposition modelling (FDM) emerged as the prominent and most influential
AM technology. During the 21st century, rapid development in the commercialisation
of AM occurred with an ongoing increase in the number of industrial applications,
most notably in the manufacture of components for the medical and aerospace sectors
(Wohlers and Gornet, 2016). In addition to polymers, AM processes used materials
such as metals, ceramics, composites and biological material. Technologies developed to
the extent that printing materials used within AM processes could be a liquid, filament,
paste, powder, or solid sheet of material (Huang and Leu, 2014).
The past decade has seen an increase in the number of AM projects in the
construction industry and construction-related academia, creating larger scale objects
using 3D-printable concrete, mortar or cementitious paste in addition to research
involving polymers such as insulative polyurethane foams. Fresh cementitious material
rheological properties, choice of aggregate and speed of curing are key to such studies.
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2.2 Investigations into additive manufacturing in con-
struction applications
The research methodology for this PhD was predominantly informed by investigations
into the creation of buildings using in-situ AM extrusion methods influenced by the
FDM principal, with either polymeric or cementitious materials.
2.2.1 Cementitious material investigations
Cementitious investigations primarily influencing the materials strategy in this study
typically use a method of layered filament extrusion. Selected salient investigations
are summarised in Table 2.1. It should be noted that not all 3D-printed concrete
AM studies utilise the method of extruding one layer at a time based upon the FDM
principal. For example, the D-shape system uses an alternative particle bed fusion
method, which involves depositing a binding solution into a powder bed of material to
fuse particles together, solidifying the powder where required (Labonnote et al., 2016)
with unused material requiring removal (Lim et al., 2009). However, this approach is
an example of a method which would not lend itself readily to in-situ construction due
to being highly vulnerable to inclement weather (Tay et al., 2017). Other studies have
investigated the spraying of cementitious material, such as the Knit Candela project
developed at ETH, Zurich, Switzerland (detailed in 2.2.1.5).
All cementitious studies feature ground-based mixers, pumps and deposition
components.
Extrusion-based cementitious studies generally use either an XYZ coordinate
gantry-frame, or robotic arms with multiple (typically four or six) degrees of freedom
(DOF). Robotic arms can be static or mobile. Anisotropic properties found in the
layers of extruded material are the subject of ongoing research, as is the role of, and
variability of the orientation of, fibres included as part of fresh cementitious mixes.
2.2.1.1 Reinforcement and cracking considerations
It is inevitable that concrete will feature some degree of cracking, as the deposited
material is typically restrained and will be subject to tensile forces (Passuello, Moriconi
and Shah, 2009). Examples of the different types of cracking which can occur are:
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Table 2.1: Examples of cementitious material AM studies, with the year of publication
commencement indicated. DOF=Degrees of Freedom.













Gantry (2012), large multiple







Mesh mould (2014+) Robotic arm ETH Zurich,Switzerland
3DCP (2016+) Gantry TU Eindhoven,Netherlands
Apis Cor Process
(2018)
Mobile multiple DOF robot
arm Apis Cor, Boston, US
Multiple mobile robots
(2018) Two 6-DOF robot arms
Nanyang Technological
University, Singapore
Knit Candela (2020+) Robotic arm ETH Zurich,Switzerland
• Fresh concrete mixes contain liquid water, therefore drying/shrinkage cracking
will occur and it should be minimised.
• Structural cracking, which occurs as a result of loading over long periods of time
or can occur to to phased construction, for example bridges (Issa, 1999).
• Thermal cracking of concrete can occur with the heat of the hydration reaction
(Šavija and Schlangen, 2016) and the material heating up and wanting to expand.
• Cracking can also occur if it contracts due to cold or freezing temperatures, or
cyclic freeze-thaw conditions (Yang, Weiss and Olek, 2006).
Reinforcement in cementitious material helps to resist crack propagation in addition to
providing a degree of ductility and taking tensile forces, reducing the risk of sudden,
brittle failure.
There have been several approaches to reinforcing extruded cementitious material.
Traditional steel reinforcement used in concrete is not naturally compatible with an
AM approach, but is has been possible to autonomously deposit fresh concrete around
pre-positioned steel reinforcing bars (as shown in Lloret Fritschi (2016)). However,
with the absence of traditional steel reinforcement, there have been several approaches
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to addressing and improving the tensile strength, ductility and resistance to crack
propagation in fresh cementitious material.
Alternative reinforcement approaches undertaken in cementitious material AM and
non-AM studies include:
• Short, chopped fibres, typically ranging from 5 mm - 20 mm in length, extruded
within the filament as part of the fresh mix. Fibrous materials include polymers
such as polypropylene (Le et al., 2012; Li, Wang and Ma, 2018), polyvinyl alcohol
(Hossain et al., 2013; Lloret Fritschi, 2016), glass and steel (Bos, Bosco and Salet,
2019).
• Continuous lengths of reinforcing material extruded either in tandem with the
cementitious material, with the reinforcement becoming entrained in the extruded
material (Bos et al., 2017), or placed on top of a recently extruded layer and prior
to the extrusion of the following layer (Wangler and Flatt, 2018).
• The use of a mesh-mould technique, which involves printing a 3D mesh with
a material such as a rapidly cooling thermoplastic. Cementitious material is
then applied around the cooled, printed mesh, with the mesh ultimately serving
as reinforcement (Tay et al., 2017). The concept of formwork also serving as
reinforcement has also been introduced by projects developed at ETH Zurich,
Switzerland (Hack et al., 2017).
Hossain et al. (2013) showed that the addition of polyvinyl alcohol (PVA) and metallic
fibres to cementitious mixes (to a maximum of 0.3% by volume) were effective in
substantially increasing fracture energy, particularly the steel fibres. This would reduce
the quantity of tensile reinforcement required (and increase energy-absorbing capacity),
but not act as a complete substitute for tensile reinforcement. Therefore, it can be
surmised that the primary function of the addition to fibres to cementitious mixes is
to resist crack propagation and provide a measure of ductility rather than significantly
increase flexural or tensile strengths thus removing the need entirely for steel rebar.
Figure 2-1 shows images of different extrusion-based cementitious systems for




Contour Crafting was a pioneering study into cementitious construction using AM,
conceived in 1998 and under continuous development ever since (Figure 2-1a). Using
an XYZ gantry frame, it possessed top and side trowels adjacent to the six-axis nozzle
(Khoshnevis, 2004) which smoothed extruded filaments as printing occurred resulting
in a characteristic smooth finish to the concrete.
The project experimented with using clay in its early stages and used form ties to tie
adjacent layers together (Khoshnevis, 2004). As of 2017, material water/cement ratio
is 0.5, natural river sand (maximum particle size of 4 mm) is used at a sand:binder ratio
of greater than 2:1, mix densities are 2200 kg/m3 and 28-day compressive strengths
are 26 MPa (Zareiyan and Khoshnevis, 2017). A nozzle diameter of 15 mm has been
used (Khoshnevis, 2004). Polypropylene fibres, superplasticiser and silica fume have
also been added to the mixes (Zareiyan and Khoshnevis, 2018).
2.2.1.3 Concrete printing
Concrete Printing followed a decade later (Figure 2-1b), which also used a gantry frame
and experimented with incorporating 12 mm long chopped polypropylene fibres into the
fresh concrete mix. The size of the nozzle (and therefore extruded filament diameter)
was 9 mm (Le et al., 2012). In contrast with contour crafting, the extruded objects
exhibit a characteristic ribbed, layered effect.
Shear strengths of concrete material at rest were recorded as being approximately
between 0.5 kPa - 2.5 kPa with the concrete printing method (Le et al., 2012), differing
considerably with variation in superplasticiser and accelerator added. The mixes
typically possessed a water/cement mass ratio in the region of 0.25 - 0.4 and adding
0.5% by mass of superplasticiser. High 28-day compressive strengths >75 MPa were
recorded with mix densities ≈ 2300 kg/m3. Cementitious binders were based upon
CEM I with added pulverised fuel ash (PFA), sand and silica fume (Le et al., 2012).
The 2012 phase of study on fresh mixes considered the optimum fresh mix to have a 3:2
sand–binder ratio, with the binder used consisting of 70% cement, 20% pulverised fuel
ash and 10% silica fume plus 1.2 kg/m3 of 12 mm long, 0.18 mm diameter polypropylene
fibres added to minimise crack propagation. The water–binder ratio was 0.26 (which is
low and associated with high performance strength concrete), with a superplasticiser
and retarder added at 1% and 0.5% respectively by weight of binder. This mix provided
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good buildability and the open time of the fresh mix was considered to be 100 minutes
(Le et al., 2012).
2.2.1.4 Smart dynamic casting
Smart Dynamic Casting (SDC) (Figure 2-1e), developed at ETH Zurich, Switzerland,
in 2012 and ongoing, uses the construction technique of vertical slipforming to produce
non-standard concrete elements using a robotic arm (Wangler et al., 2016). Rather than
extruding horizontal layers or depositing adhesive into a bed of powdered material, the
method involves the placing of fresh, wet concrete using an adjustable formwork casing
which rises vertically to form column elements of variable dimensions significantly larger
than the formwork element itself.
The method requires powerful accelerating admixtures and precision timing thus
enabling the fresh concrete to leave the formwork in a solid enough state to resist
deformation due to loading caused by subsequently deposited material in upper portions
of the column, yet the material cannot remain within the formwork for such a length
of time that would lead to solidifying material cracking due to friction against the
vertically moving formwork element.
A disadvantage of this approach is the geometrical and architectural constraints
resulting from formwork design and motion capability. However, a notable advantage
of this approach, with the removal of layers, is the removal of ’cold-joints’ and the
concern whether there is appropriate inter-layer bonding and cohesion.
The accelerators are reported as enabling a vertical building rate in the region of 1
metre per hour. An accelerator reported as being used in the project development was
BASF X-seed 100. Water/binder ratios were typically 0.25 - 0.30 and superplasticiser
was used (Glenium ACE 30) at 1.5% by weight of cement. Polyvinyl alcohol fibres
were added at 1% volume of cement and sand with particle sizes of less than 4 mm was
added as 37% of the dry material constituents. Yield stresses begin at around 1 kPa
at 45 minutes following mixing (Lloret Fritschi, 2016).
2.2.1.5 Mesh mould and Knit Candela
ETH Zurich have also developed the mesh mould system and subsequently the Knit
Candela project in collaboration with Zaha Hadid Architects.
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Mesh Mould was developed with a vision to unify formwork and reinforcement in a
digital process. A mobile robotic arm bends, welds, and cuts steel reinforcement to
additively manufacture a digitally designed mesh. This can take place either on site
or in a prefabricated/factory environment. The printed mesh is subsequently both
in-filled with concrete and covered with concrete layers as an external finish, resulting
in a structural element (Hack et al., 2017).
Mesh mould mixes featured high quantities of sand (particle sizes up to a maximum
of 2 mm) in relation to other AM cementitious studies, with a sand:binder ratio of
approximately 2.5:1 and a water/binder (CEM I) ratio of 0.6. Polymer fibres were
added to the mixes. The density of the mortars was approximately 2100 kg/m3. Yield
stresses of the fresh mixes were approximately 0.73 kPa (with polymer fibres)and 0.290
kPa (without polymer fibres) (Hack et al., 2017).
The Knit Candela system has created a five-tonne concrete ’waffle’ shell with a
falsework-less formwork method, using a digitally designed and prefabricated knitted
textile as a structural, shuttering layer and a form-found cable net tensile structure
which acts as the primary load-bearing formwork. On site, the formwork was tensioned
into a timber and steel rig and coated with a cement paste consisting of a fast-acting
accelerating admixture. The first coating of cement paste (1 mm thick) was sprayed
and acted as a layer to stiffen the textile formwork and minimise deformation due to
the deposition of subsequent layers of paste. Glass fibre-reinforced concrete was then
applied manually in several layers to a thickness of 3 cm - 4 cm (Popescu et al., 2020).
The cement paste used for the coating was a binary blend of calcium aluminate cement
(CAC) and hemihydrate, which was designed to harden rapidly once sprayed. The
open time of the cement paste was 90 minutes in the environmental temperature, after
which time rapid hardening took place. A progressive cavity mortar pump and an
air compressor delivered the cement paste. The project highlights the importance of
limiting tensile forces within autonomously deposited cementitious material in AM
applications. Digital design was based upon a low-strength concrete with compressive
strength of 20 MPa. The presence of glass-fibre reinforcement allowed a tensile strength
of 4 MPa - 6 MPa. No traditional steel bar reinforcement was used, therefore the
fibres were the sole reinforcing material present, forming part of the cementitious mix
(Popescu et al., 2020).
2.2.1.6 3DCP
The gantry frame approach is also adopted by the TU Eindhoven study (Figure 2-1c),
with mix densities in the region of 2000 kg/m3 (Wolfs, Bos and Salet, 2018). Methods
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of reinforcing extruded concrete filaments were explored as a significant feature of this
project. The entraining of a continuous steel cable within the extruded mortar was
investigated as a reinforcing method, along with the use of short steel fibres. The
nozzle of the printing device was expanded to incorporate a rotating spool feeding the
reinforcement into the printing head, therefore the reinforcing cable is fully integrated
into the extruded concrete filament (Bos et al., 2018).
Materials initially tried with this approach were 0.35 mm diameter fishing line and 0.4
mm diameter steel wire. These were rejected as unsuitably thin and lacking in flexibility
as the wires pulled out of the concrete material. More effective was commercially
available high strength steel cable (provided by Bekaert NV) with reported tensile
strengths of 500 N - 2000 N. Tensile failure in material with entrained steel cable failed
by both cable breakage and pull-out from the material, with the ductile cable failure
preferable to the more brittle, sudden failure of the wire pulling out of the cementitious
material (Bos et al., 2016; Bos, Bosco and Salet, 2019).
The cementitious material was based upon CEM I with fine aggregate added in the
form of sand particles with a minimum particle size of 1 mm. Rheology modifying
admixtures were added as part of the fresh mix. 28-day compressive strengths achieved
by the mixes were 30 MPa and 28-day tensile strengths were approximately 5 MPa. The
nozzle used was relatively large, measuring 40 mm wide x 10 mm high. The exothermic
hydration reaction between the cementitious binding materials and water is allowed to
take place without added chemical admixtures (Bos et al., 2016).
2.2.1.7 Apis Cor
Multi-axis robotic arms are the main alternative to gantry frames in extrusion-based
cementitious printing. Apis Cor, a company based in Boston, USA, has 3D printed
a 38 m2 house in-situ on location in Russia (Figure 2-1d). The company is a strong
advocate of in-situ printing over pre-fabrication, favouring the on-site deposition device
alignment and stabilisation capability of a printer which can be transported to site
over the potential expense and logistical difficulty of transporting, and subsequently
assembling, large pre-fabricated components to site. The speed of construction was
notable, with a 38 m2 structure reported to have been completed in a 24-hour period
(Ghaffar, Corker and Fan, 2018).
The company is a commercial operation and precise cementitious mix details are not
readily available in published literature and are therefore assumed to be classified as
confidential intellectual property.
27
2.2.1.8 Multiple agent, Nangyang
A multiple agent approach has been developed by Nanyang Technological University,
Singapore, with two robotic arms working simultaneously to print a single structure
(Figure 2-1f ). The robot arms each have six degrees of freedom and a reach of 1.74 m
and the object printed is longer than the reach of an individual robot arm. The robotic
arms are on bases which are mobile and allow the robotic arms to be manoeuvred into
position, however while the robotic arms are extruding material, the bases remain in
position. Therefore, each arm prints the area within its locality and the limit of its
reach (Zhang et al., 2018a).
Water/binder ratios are around 0.4 and sand/binder ratios are below 1.0. Silica fume
is added along with Pulverised Fuel Ash, sand and superplasticiser to the OPC binder.
Material was extruded through a 10 mm tapered diameter nozzle (Zhang et al., 2018a).
2.2.1.9 Winsun
The Chinese company WinSun Decoration Design Engineering have 3D-printed several
high profile projects, including single storey houses printed in high volumes progressing
to a five-story high building, reputed to be the tallest 3D-printed building in the world
at the time of writing.
This is not an in-situ approach - the company prints pre-fabricated components which
are then taken to site and erected. Details of the deposition equipment and materials
used are treated as commercially sensitive and are not readily available in published
literature, however Ghaffar, Corker and Fan (2018) reported that cementitious mixes
contain glass reinforcing fibres. When considering the size and height of the fabricated
components, which have ranged up to 6 m high, 10 m wide and 40 m long, the deposition
equipment is presumed by this author to be a large gantry-based method with a large,
integrated robotic arm.
Of particular note is the speed at which the buildings can be printed by the company,
for example a 250 m2 3D printed office building was reportedly completed in only 17








Figure 2-1: AM in construction studies using a layered extrusion method with
cementitious materials. a) Contour crafting, Southern California (Zareiyan and
Khoshnevis, 2017). b) Concrete printing, Loughborough (Le et al., 2012). c) 3DCP, TU
Eindhoven (Bos et al., 2018). d) The Apis Cor 3D printing process (ApisCor, 2017). e)
Smart dynamic casting, ETH Zurich (Wangler et al., 2016). f) Multiple mobile robots,
Nangyang (Zhang et al., 2018a).
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2.2.2 Polymeric material investigations
Polymer material investigations can involve layered extrusion or spraying. The use of
polyurethane foam can serve in several ways, firstly as proof of concept, secondly as a
demonstration of the deposition of material intended as insulation layers and thirdly
with the polymeric material acting in a structural capacity. Selected salient polymeric
investigations are summarised in Table 2.2.
Table 2.2: Examples of polymeric material AM studies, with the year of publication
commencement indicated. DOF=Degrees of Freedom.
Study Method of deposition Principal institution











Mobile multiple DOF robot
arm MIT, US
Foam additive
manufacturing (2018+) 4 DOF robot arm
University of Nantes,
France
Figure 2-2 shows images of different polymer-based systems for 3D-printing structures.
2.2.2.1 The Canal house
The 3D-printed Canal House project designed by DUS architects in Amsterdam
(Figure 2-2b), the Netherlands, uses a biodegradable thermoplastic polypropylene
(Hager, Golonka and Putanowicz, 2016) and the building was created by a 6 m
high gantry frame 3D-printer known as the Kamermaker. The printer will produce
polypropylene blocks measuring 2.2 m x 2.2 m x 3.5 m, which weigh 180 kg each
(Buchanan and Gardner, 2019).
The created object was influenced by traditional Dutch canal houses and has been
designed to be disassembled and reassembled in another location (Buchanan and
Gardner, 2019). There is a concern however, that the material used is too brittle
as a structural material for horizontal spans in a larger building (Ghaffar, Corker and
Fan, 2018).
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2.2.2.2 Cable suspended 3D printing
A cable-suspended 3D-printing system developed by the University of Laval, Quebec,
uses a single-component polyurethane foam with a density of 25 kg/m3 as a proof of
concept material, a shaving foam serving as support material (it does not permanently
bond with the polyurethane foam and can be easily removed with water once its
purpose has been served) and an adapted foam dispensing gun (Figure 2-2c). The
cable-suspended robot has six degrees of freedom (Barnett and Gosselin, 2015).
The project team elected to go for a light foam material as concrete was deemed to be
too heavy for a system where the robot is suspended in the air on cables working in
tension. Additionally, fresh concrete presents the challenge of changing properties as
the material hydrates. The foam was deposited in layers and a sufficient time had to
pass while a layer solidified before the subsequent layer was deposited. The method
printed a 2.16 m tall statue (Barnett and Gosselin, 2015). However, a light foam with
a density of only 25 kg/m3 cannot be considered to be a structural material, therefore
in a construction scenario and using this material, this method would serve as a foam
insulation deposition method.
2.2.2.3 Digital construction platform
The Digital Construction platform developed by the Massachusetts Institute of
Technology (MIT) features a compound robotic arm, on a tracked mobile system,
which consists of a large hydraulic robotic arm with four degrees of freedom and a
smaller electric robotic arm with six degrees of freedom and is controlled using real-time
environmental data (Figure 2-2a). The concept of the compound robotic system was
that of a model of a shoulder and hand, with the shoulder (hydraulic arm) for gross
positioning and the hand (electric arm) for fine tuning and adjustments (Keating et al.,
2017).
The study used a quick-setting, two component, closed cell polyurethane foam with a
density of 28 kg/m3 and compressive strength of 0.16 MPa. The project fabricated a
14.6 m diameter, 3.7 m tall hemispherical open dome. The purpose of the structure and
the use of foam was to demonstrate the creation of formwork suitable for a proposed
cast concrete structure rather than using the foam as a structural material in its own
right (Keating et al., 2017).
It is interesting to note that the project team do mention UAVs, as ’aerial drones’, in the
published literature, but favoured the robotic arm approach due to the higher payload
31
possibilities than aerial drones are capable of, in addition to the greater flexibility
afforded by robotic arms relative to the gantry frame approach (Keating et al., 2017).
2.2.2.4 Foam additive manufacturing
A method of 3D printing foam, entitled ’foam additive manufacturing’, has been
developed by the University of Nantes, France, which deposits two layers of foam
material intended as insulation layers (Figure 2-2d). Into the void between the two
layers of foam is poured wet, fresh structural concrete, hence the solidified foam
insulation layers also serve as containing formwork for the concrete (Subrin et al.,
2018).
The foam, when deposited and exposed to the environment, expanded between 30 -
45 times its liquid volume, which clearly presents a challenge regarding consistency of
deposition and in the height of the layers. With the light, high expanding foam, the
speed of printing is fast - a foam element measuring 1.75 m x 1.75 m x 2.5 m could be
printed in thirty minutes (Subrin et al., 2018).
It is submitted though that the curing of the concrete between the foam layers would
lead to potential issues with thermal cracking as the restrained fresh concrete, subjected
to elevated temperatures, will want to expand. This may lead to challenges with
the concrete pushing against the foam layers, potentially causing failure of the foam
material. Equally, if the foam layer is strong and inflexible, without expansion joints,
the concrete may crack.
2.2.2.5 Winsun fibre reinforced plastic
A further development is that of fibre reinforced plastic (FRP) material. Winsun
have developed such a material using glass fibre reinforcement in a polymeric matrix
(Winsun, 2020). However, as with the cementitious products deposition the materials






Figure 2-2: AM in construction studies using polymeric materials. a) Digital
Construction platform, Massachusetts Institute of Technology (MIT), USA (Keating
et al., 2017). b) 3D-printed Canal House project, the Netherlands (work-in-progress
photographed by Shepherd, P, 2017). c) Cable-suspended 3D-printing system,
University of Laval, Quebec (Barnett and Gosselin, 2015). d) Foam additive
manufacturing, University of Nantes, France (Subrin et al., 2018).
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2.3 Unmanned aerial vehicles
Unmanned aerial vehicles (UAV), often referred to as ’drones’ or ’aerial robots’, can be
defined as aircraft flown with no pilot present on board (Chen, Laefer and Mangina,
2016) and as a re-usable aircraft capable of a variety of missions. UAV technology can
be traced back to the development of aerial torpedoes a century ago. UAV development
has existed since the 1950s, initially for military purposes, with the second definition
above differentiating UAVs from non-reusable cruise missiles, which were developed in
tandem.
There are three UAV classifications (Keane and Carr, 2013):
• Pilot-less target craft used for training purposes.
• Combat air vehicles designed for lethal military strikes.
• Reconnaissance aircraft designed to gather data for surveillance and inspection
purposes.
The third category, which can apply to non-military use, is relevant to this study.
As shown in Figure 2-3 (Tian and Jiang, 2013), commercial UAVs currently consist of
two categories of design - fixed wing and multiple rotor (Chen, Laefer and Mangina,
2016). The most common multiple rotor design is the four rotor-blade quadcopter,
although designs can feature six or eight rotary blades (Babel, 2015), which increase
lift capacity. Fixed wing aircraft can carry larger payloads and have higher flying
capabilities, but multi-rotor designs possess greater agility and greater fault-tolerances
(Chen, Laefer and Mangina, 2016).
Civilian, non-military UAV use has become established in a variety of sectors
including agriculture, mining (for post-blast surveying), aerial photography and filming,
journalistic data gathering and cartography (Babel, 2015), in addition to personal
leisure use. Multiple applications can be categorised under the heading of ’payload
delivery’, which involves the use of UAVs delivering materials in solid, liquid or gaseous
form in manners and locations which can be difficult for humans to operate in a safe or
competitive manner, an example of which being the delivery of chemical crop-spraying
products by multiple UAVs in the agricultural sector (Feron and Johnson, 2008).
The utilisation of UAVs in the construction sector has also increased. Table 2.3 shows
industrial drone use in 2016, with the construction sector coming top.
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However, current UAV use in construction primarily concerns surveillance (Drones
Direct, 2017), safety inspection work and data gathering for 3D modelling (Ghaffar,
Corker and Fan, 2018).
The AAM project effectively introduces a fourth class of UAV - that of the in-situ,
material extruding build-drone. Considering the UAV design options for AAM, the
qualities of agility and tight tolerances for lateral deviation are required for this project.
Therefore, the quadcopter multi-rotor UAV design was chosen, with a four-rotor blade
design suitable for envisaged payloads.
a
b
Figure 2-3: Drone design categories (adapted from Tian and Jiang (2013)), a) Fixed
wing. b) Multiple rotor, with a four-rotor quadcopter design shown.
Table 2.3: UAV use in UK business sectors in 2016 (Drones Direct, 2017).
Top 5 UK business sectors using UAVs %
Construction, plumbing and associated trades 11.5
Manufacturing 9.9
Information and Communications 9.1
Creative and Photographic 8.8
Transportation 7.7
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2.4 Polyurethane foam considerations for AAM
Polymers can be broadly categorised as thermoplastic (which once cured, will melt
when heat is applied) and the generally more expensive thermoset (which do not melt
with applied heat). Both materials have been used in AM applications.
Polyurethane foam is a thermosetting polymer consisting of two liquid components
- a di-alcohol (e.g. polyol) resin and a di-isocyanate hardening agent (featuring two
isocyanate N=C=O-R groups). Figure 2-4 illustrates the polymerisation of urethane
with the polyol resin-isocyanate reaction (Trovati et al., 2010). R1 and R2 are generic
terms representing long chain molecules.
Figure 2-4: Polyol resin-isocyanate chemical reaction of polyurethane foam (Trovati
et al., 2010)
Initial design development for a miniature deposition device for AAM was informed by
the use of high expanding, low density polyurethane foam liquid components. Hunt
et al. (2014) covers an initial, preliminary phase of material experimentation and
demonstrated the feasibility of low density polyurethane foam for AAM by spraying
mixed foam material from UAVs during flight on to a supporting, inflatable object.
To the author’s knowledge, no previous research has been conducted into the use of
high density rigid polyurethane foam for the purposes of being a structural element
in the construction of buildings. Additionally, previous work involving the addition
of micro-particles to freshly mixed high-density polyurethane foam was not detected.
Polyurethane foam material tests would therefore have to be developed for the AAM
project and cover the following:
• Methods of mixing liquid components and deposition of freshly mixed material.
• Curing times of fresh material and deformation following extrusion.
• Modification of the rheological properties of freshly mixed material with
micro-particles to increase viscosity.
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• Interfaces, boundaries and variations in density and cell structure between and
within layers.
• Examining whether cured high density foam was structurally viable in
compression.
• The brittle nature of cured material in flexure.
• Deformation of cured material under long term loading (creep).
Three types of polyurethane foam, manufactured by Isothane Ltd., were identified as
being potentially suitable for this PhD study: Low density LD40, medium density
Reprocell 300 and high density Reprocell 500 (Isothane Ltd., 2016a).
2.5 Cementitious material mix considerations for AAM
Portland cement is one of the most manufactured materials in the world and can be
considered to be the premier inorganic binder in the construction industry. It is a
finely ground powder, manufactured by firing limestone and clay at high temperatures
of approximately 1400°C (hence the high carbon footprint) and grinding the resulting
cooled clinker with gypsum. The clinker reacts with added water and hydrates to form
a paste that gradually stiffens, developing rigidity typically in a couple of hours (Banfill,
2006).
Adding sand or other forms of fine aggregate to cement pastes creates Mortar and the
additional of coarse aggregate or gravel makes concrete. Prior to achieving rigidity, in
the first couple of hours following the addition of water, the cementitious material can
be classified as being ’fresh’ (Banfill, 2006). Cementitious materials gradually increase
in compressive strength over a period of months, with 28 days being a standard time
after mixing in which to test the strength of cementitious materials in a laboratory
setting.
Concrete has featured as the material in the majority of research projects conducted
into AM construction. Concrete is the most widely used material in the world after
water and possesses a high-carbon reputation due to the burning temperatures required
to produce clinker, along with the enormous demand and volumes of material used
(Wangler et al., 2019). AM techniques are capable of reducing the amounts of concrete
required per project through innovative and efficient structural design and reduction
in material wastage using an additive approach. The carbon footprint can be reduced
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further by using industrial by-products to augment the use of ordinary Portland cement
(OPC) in binder systems, such as pulverised fuel ash (PFA).
With fresh cementitious mixes, there is a trade-off between workability (liquid-like
behaviour, or the ability of the material to flow) and buildability (solid-like behaviour,
the ability of wet material to resist deformation under load, or the extent to which
layers can retain structure and support subsequent layers). Buildability is governed
primarily by stiffness, rather than strength (Bos et al., 2016).
Both higher slump, fast curing concrete mixes and lower slump, slower curing mixes
have been investigated previously. The latter approach has lower stiffness and lower
initial strength (therefore reducing buildability), but in respect to layer adhesion it
accommodates greater lateral deviation of nozzle extrusion. By maintaining workability
and keeping the surface chemically active, it reduces sensitivity to time between layer
depositions. It is desirable to use a superplasticiser in cementitious mixes in order
to reduce water/cement ratios, increase early age strength and maintain workability.
Commencing the project in 2016, it was decided to take the concrete printing project
(Table 2.1) as a guide for material parameters and initial cement mixes, working
with a water/cement mass ratio in the region of 0.3-0.4 and adding 0.5% by mass
of superplasticiser.
A variety of additives and admixtures were to be added to cementitious mixes
throughout this PhD study to modify the rheological properties of fresh material and
assess whether there were ensuing negative impacts upon cured properties for structural
purposes. Agents such as accelerators, retarders and calcium aluminate cement
(CAC) required investigation for effectiveness in modifying open times. Constituents
added and tests carried out were informed by published literature concerning previous
cementitious AM studies and should involve the following:
• Workability of fresh mixes and capability of deposition devices to process the
fresh material within power requirement limits.
• The use of additives and admixtures to modify the rheology of freshly mixed
material.
• Curing times and methods of acceleration.
• Introducing shear-thinning properties to fresh mixes to promote
order-of-magnitude reductions in viscosity while in the deposition device
and increases in viscosity once at rest, following deposition.
• Methods of reinforcement and use of chopped fibres to add ductility and tensile
capacity to hydrated material.
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• Fresh material extrusion tests using developed deposition methods.
• Buildability of mixes both with and without fine aggregate.
• Mechanical tests of hydrated specimens to assess the impact of additives and
admixtures upon compressive strength.
2.5.1 Supplementary cementitious additives
This section provides an overview of the supplementary cementitious materials and
additives considered for the AAM project. Table 2.4 summarises constituents
considered during the course of the PhD study. Hydrocolloids are dealt with in further
detail in the following ’Rheology’ section. The foaming agent subsequently used in
this PhD study is a commercially available product from EAB Associates, the precise
constituent breakdown being confidential intellectual property and not published.
Table 2.4: List of constituents in addition to CEM I and fine aggregate currently under
consideration for AAM cementitious materials, with the material characteristic the
constituent is designed to aid and additional comments concerning use.
Constituent Characteristic Comments
Pulverised fuel ash (PFA) Workability Binders containing up to 35%PFA
Silica fume Buildability Maximum 5% - reducesworkability
Calcium aluminate cement
(CAC) Buildability Induces a flash setting










Small quantities – reduces
density and strength
2.5.1.1 Pulverised fuel ash (PFA)
Pulverised fuel ash (PFA) is established as a material added to cementitious mixes
to improve flow and mechanical properties. PFA is pozzolanic (a siliceous or
siliceous-and-aluminous material) which reacts with calcium hydroxide to form a
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cement. When ordinary Portland cement (OPC) reacts with water, calcium silicate
hydrates (C-S-H) and lime are produced. PFA reacts with the lime to form C-S-H,
the same strength-improving product as OPC. The addition of PFA results in a denser
material, improving strength. PFA is typically added to structural concrete at 15%
-35% percent by weight of the cementitious binder (Rosenberg, 2010). As it can be
classified as a by-product (as a residue resulting from burning coal), it can be viewed as
a more sustainable method of developing ettringite in cementitious binders than OPC
(Fernández-Carrasco and Vázquez, 2009).
The replacement of cement by PFA has been shown to reduce yield value and increase
in plastic viscosity. PFA improves the contact between the particles of cement by ball
bearing effect, reducing friction forces. The spherical shape of PFA also minimises the
particle’s surface to volume ratio, resulting in low fluid demands (Sonebi, 2006). This
aids the workability of fresh cementitious material.
PFA has featured as a supplementary additive in multiple previous and ongoing AM
research projects, including the Smart dynamic casting project developed at ETH
Zurich at approximately 5% of dry materials used (Lloret Fritschi, 2016), the concrete
printing project (Le et al., 2012) and added to mixes containing nano-attapulgite clay
(Panda et al., 2019).
2.5.1.2 Silica fume
Also known as microsilica, silica fume is a fine pozzolanic, amorphous material, a
by-product of the production of elemental silicon or ferro-silicon alloys in electric arc
furnaces, with a particle size of less than 1 µm, averaging 0.15 µm. Silica fume reacts
with calcium hydroxide to produce calcium silicate hydrates (C-S-H). Adding the fine
silica fume particles to cementitious mixes increases the strength and reduces the
permeability by densifying the matrix of the concrete. (Fidjestøl and Lewis, 1998).
It has been shown to increase mix stiffness (promoting buildability), in addition to
increasing strength (Panda and Tan, 2019).
Silica fume has been added to cementitious mixes in AM studies including the Smart
dynamic casting project developed at ETH Zurich at approximately 8% of dry materials
used (Lloret Fritschi, 2016), added to the mixes of the concrete printing project (Le
et al., 2012) and the Nanyang Technological University mobile robot study (Zhang
et al., 2018a). It is added in relatively small quantities, typically 5% - 10% by weight
of cement.
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2.5.1.3 Calcium aluminate cement
Calcium aluminate cements (CAC) are a considerably higher cost material than OPC
and were seen as a premium product, used for applications in which strength and
durability superior to that provided by OPC were required - for example, resistance
to corrosion or abrasion (Scrivener, Cabiron and Letourneux, 1999). CAC has been
used for ground anchoring (Rodger and Double, 1984), rapid repair work (Neville et al.,
1995; Scrivener, 2003) and extensively in marine and tidal environments (Moffatt and
Thomas, 2017).
When added to OPC, CAC acts as an accelerator (Khalil et al., 2017), promoting early
strength (Moffatt and Thomas, 2017) and hardening of material. Hydration times
are affected by variations in quantities of OPC and CAC (Neville et al., 1995) and
environmental temperature (Antonovič et al., 2013). High temperatures promote rapid
hydration (Scrivener, Cabiron and Letourneux, 1999).
The basic chemistry difference between CAC and OPC is (Scrivener, Cabiron and
Letourneux, 1999):
• OPC contains lime (CaO) and silica (SiO2) as the principal oxides, in the form
of tri-calcium and di-calcium silicate (C3S and C2S). On reaction with water,
amorphous calcium silicate hydrate (C-S-H) is the primary hydrate formed.
• In contrast, CAC contains CaO and Al2O3 as oxides, leading to mono-calcium
aluminate hydrates (C-A-H) formed.
Pure CAC systems undergo a conversion reaction, which has historically been
misunderstood (Kirca, 2006; Moffatt and Thomas, 2017). The conversion process
leads to a strength reduction from an unstable higher strength level down to a stable,
long-term level when material experiences temperatures higher than those experienced
during formation (Domone and Illston, 2010). Pure CAC systems were excluded from
international design standards for reinforced and pre-stressed structural concrete in the
late 20th century following the failure of roof and ceiling beams. However, inspections
revealed only a minority of cases to be directly linked to the conversion process being
responsible (Domone and Illston, 2010). The conversion process, with the chemistry
involved and the ensuing considerations, is covered in further detail in chapter 10 of




Anhydrous calcium sulphate is typically added to OPC mixes in conjunction with CAC.
When added to an OPC/CAC binder, calcium sulphate has been shown to further
promote the development of ettringite and aluminium hydroxide (Bizzozero, Gosselin





























Figure 2-5: Relationship between shear stress and shear rate for Newtonian, Dilatant
(shear-thickening), Pseudoplastic (shear-thinning) and Bingham model materials
(adapted and expanded by the author from Steffe (1996) and TA Instruments).
42
2.6 Rheology
The term ’Rheology’ was invented by Professor Bingham of Lafayette College, Easton,
PA, USA. Rheology can be defined as the study of the deformation and flow of matter,
a definition adopted by the American Society of Rheology upon foundation in 1929
(Barnes, Hutton and Walters, 1989).
The purpose of rheology is to progress the understanding and quantification of the
properties of fresh material. In the case of cementitious material, three levels of
understanding can be defined. Level one is observational and empirical, describing the
state of the material in comparative terms only, for example describing the material
as stiff, fresh or buildable. Level two establishes a quantitative numerical scale based
upon empirical measurement, such as a slump test in the case of cementitious material.
Rheology is classed as a level three test, which aims for rigorous definition of material
properties, derived from the fundamental parameters of mass, length and time, which
don’t rely on the circumstances of the test material (Banfill, 2006).
The rheology glossary in Table 2.5 summarises definitions of key rheological terms,
tests and material rheological properties directly relevant to this PhD study (created,
augmented and expanded by the author from source material contained in Rheology
School (2013)).
Figure 2-5 graphically shows the primary rheology material classifications and the
idealised relationship between shear stress and shear rate for Newtonian, Dilatant
(shear-thickening), Pseudoplastic (shear-thinning) and Bingham model materials
(adapted and expanded by the author from Steffe (1996) and TA Instruments).
2.6.1 The Rheometer
During this PhD study the author conducted flow tests to attain viscosity and yield
stress and oscillation tests to attain complex, elastic and viscous moduli, along with
the material phase angle.
Tests can be carried out using parallel, or flat geometry plates, cone tip plates (at which
the upper plate is angled at typically 4°), concentric cylinder with a vane accessory
(which is suitable for soils or cementitious mixes with coarse aggregate) or tension test
accessories. In this PhD research, cone plates were initially used for rheology tests with
polyrurethane foam, followed by the use of parallel plates for cementitious tests.
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Table 2.5: Glossary of rheology terms, tests and properties (adapted and expanded by




Oscillation frequency with units of radians per second, used in
preference to frequency (Hertz). An oscillatory frequency sweep,
when plotted as complex viscosity v angular frequency, can be
equated to a shear viscosity v shear rate profile for some materials
- known as the ’Cox-Merz’ relationship.
Bingham model
Straight-line rheological model relating shear stress and shear rate,




A valuable and direct measure of the rigidity of a material’s soft
solid structure when exposed to stresses below the yield stress,
and overall resistance to deformation of a material, regardless
of whether deformation is recoverable (elastic - stored) or not
(viscous). Obtained using oscillation tests (units of pascals).
Crossover point
In an oscillatory test, the point at which the elastic and
viscous moduli cross, usually marking the transition from viscous
dominant (liquid-like) behaviour, to elastic dominant (solid-like)
behaviour. This was observed in polyurethane foam tests once
liquid components were mixed.
Elastic modulus
G’
Also known as ’storage modulus’, the proportion of the total
rigidity (the complex modulus) of a material attributable to elastic




A Newtonian fluid is a fluid for which viscosity is independent
of shear conditions (resulting in a linear shear stress-shear rate
profile), such as water. A non-Newtonian fluid exhibits varying
viscosities as shear conditions change (non-linear profile).
Phase angle δ
The phase difference between stress and strain in oscillation tests.
A measure of elastic or viscous behaviour, ranging from 0° (fully
solid) to 90° (fully liquid). Used to calculate G* from G’ and G”
measurements - the tangent of the phase angle is the ratio of G”
to G’.
Pseudoplastic
Also known as shear-thinning, used to describe materials where
viscosity decreases as shear rate increases. Non-Newtonian
behaviour seen in suspensions, emulsions, and gels. Reductions
in viscosity can span orders of magnitude and such behaviour
was required for this PhD study. Non-newtonian dilatant
materials which exhibit shear-thickening behaviour, where
viscosity increases as shear rate increases (such as corn starch),
were accordingly inappropriate for this study.
Shear rate γ̇
Quantification of the speed of a shear flow resulting from the
application of a shear stress to a liquid or the rate at which shear
is applied, and the velocity gradient perpendicular to the direction
of shear flow (dv/dx) (units of 1/second). With non-Newtonian
liquids, it is crucial to define shear rates, as low shear rates will
result in a different viscosities than at high shear rates.
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Rheology Glossary continued
Shear stress (Pa) Shear force applied to material per unit area.
Thixotropy
Time-dependent viscosity change, or a non-Newtonian
pseudoplastic fluid that requires a finite time to reach an
equilibrium viscosity following a step-change in shear rate.
A highly thixotropic material takes significant time following
shearing to increase/recover viscosity once at rest. This is
undesirable for AM applications, with a low time period
preferable for extruded materials to recover viscosity quickly and
promote buildability.
Visco-elasticity
Property of a material which exhibits both elastic (solid-like
or energy storing) behaviour and viscous (liquid-like or energy
dissipating) behaviour. Both curing polyurethane foam and
fresh cementitious mixes used in this PhD study are visco-elastic
materials.
Viscosity η
Quantification of the resistance of a material, subjected to shear
stresses, to flow. Alternatively, the ratio of applied shear stress
to resulting shear rate. Units in this study reported in Pa.s
(pascal-seconds). A key parameter for the workability of AM
materials, which can be measured in flow or oscillation tests -
this PhD study uses flow tests.
Viscous modulus
G”
Also known as ’loss modulus’, the proportion of the total rigidity




A structured, or ’soft solid’, material such as an emulsion,
suspension or gel, possesses a yield stress - the stress that must
be applied to disrupt internal structure (due to colloidal or other
interactions), resulting in a major decrease in viscosity and the
material flowing/deforming. A key parameter for the buildability
of AM materials once deposited and at rest, which can be
measured in flow or oscillation tests - this PhD study uses flow
tests.
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Figure 2-6 shows the different accessories available to use during rheometer tests (TA
Instruments, 2010).
Figure 2-6: The different accessories available to use during rheometer tests - parallel
plate, cone and plate, concentric cylinder (vane) and torsion (TA Instruments, 2010).
2.6.1.1 Flow tests
Flow tests measure viscosity as a function of shear rate, shear stress, time and
temperature. Yield stresses can be determined by flow tests with a sudden drop in
viscosity, which signify the stress at which a material changes from retaining its form
while in a state of rest or stress below its yield stress, to a state of deforming as the
shear stress it is now subject to is greater than the yield stress of the material.
Flow tests can be force controlled (using shear stress lower and upper parameters,
the preference of the author) or displacement controlled (using lower and upper shear
rate, used when the material is challenging to work with and low shear stresses cannot
register any displacement, resulting in tests being unable to function due to too low
angular velocities). Figure 2-7 shows typical graphs of material properties derived from
flow tests - viscosity and yield stress (TA Instruments, 2010).
2.6.1.2 Oscillation tests
Oscillation tests measure viscoelastic properties of materials such as the complex
modulus G*, a parameter quantifying the stiffness of a material and its component
parts, the elastic modulus G’, viscous modulus G” and the phase angle δ. These
parameters can be measured with respect to time, temperature, frequency, stress and
strain. G’ and G” are vector quantities which are summed, using δ, to attain G*.
Figure 2-8 shows typical graphs of material properties derived from oscillation tests
- with a graphical representation of the derivation of the complex modulus and
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Figure 2-7: Graphs of material properties derived from flow tests - viscosity and yield
stress (TA Instruments, 2010).
component parts elastic modulus and viscous modulus, and a typical oscillation test
graph showing the elastic modulus (TA Instruments, 2010).
Figure 2-8: Graphs of material properties derived from oscillation tests, with a graphical
representation of the derivation of the complex modulus and component parts elastic
modulus and viscous modulus, along with a typical graph depicting the elastic modulus
(TA Instruments, 2010).
2.6.2 Rheology modifying admixtures in cementitious materials
AM investigations in construction using cementitious material have included
admixtures in the mixes to modify the rheological properties of the fresh material
in order to affect the viscosity and/or yield stress. This has primarily been motivated
by the need to reduce viscosity while material is passing through a deposition system
and to increase yield stress once material has been extruded and is at rest, so that
it may accept the subsequently deposited layer without deforming to an unacceptable
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level. Constituents added to mixes to primarily effect the rheological properties are
termed rheology modifying admixtures (Banfill, 2006).
This review section gives an overview of constituents used in this study, principally
plasticisers/superplasticisers added to decrease yield stress, improve flow and reduce
water/binder ratios, and hydrocolloids with shear-thinning properties added to reduce
constituent segregation and improve cohesion, and crucially modify viscosity while
materials are under stress in the deposition system and increase yield stress once the
material is at rest. Foaming agents were also added to reduce viscosity and improve
flow (as noted, the details of EAB Associates foaming agent is commercially sensitive
information).
2.6.2.1 Plasticisers and superplasticisers
Plasticisers de-flocculate the cement particle network, which reduces yield stress. Early
lignosulfonate (LS) plasticisers can retard hydration. ’Superplasticisers’ are synthetic
sulfonated melamine-formaldehyde (SMF) or naphthalene-formaldehyde polymers
(SNF), which can reduce yield stress without excessive retardation, plus the more
recent (and powerful) polycarboxylate (PC) based products. LS, SMF and SNF
admixtures all adsorb at the surface of cement particles through their sulfonate groups
and deflocculation is attributed both to electrostatic repulsion (due to the negative
surface charge that they produce) and the physical size of a layer of adsorbate on the
cement particles, preventing adjacent particles approaching (Banfill, 2006).
LS plasticisers and SMF superplasticisers were identified for use within this PhD study
as it has been recorded that these, along with SNF, exhibit shear thinning properties,
while PC superplasticisers, working by the mechanism of steric stabilisation (Nawa,
2006), can have shear thickening properties (Lootens et al., 2004).
2.6.2.2 Cellulose ethers and additional hydrocolloids
The principal cellulose ether product used in this PhD research to modify the
rheological properties of the fresh cementitious mixes was hydroxyethyl methyl cellulose
(HEMC). Additional pseudoplastic hydrocolloids trialled in this PhD study were
xanthan, diutan, guar and welan gums.
HEMC, along with hydroxypropyl methyl cellulose (HPMC) is a cellulose ether
established in use with mortars, principally for rendering purposes prior to their use
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in AM applications, providing sag resistance so material applied upon vertical surfaces
would not deform under self-weight and effectively slide down the wall (Brumaud et al.,
2014). It performs a similar role in cementitious applications as it does when included
in paint, increasing the viscosity once at rest and applied to a surface, yet also decreases
viscosity when the paint is being applied and the material is under stress.
Cellulose ether adsorption has been shown to slow the nucleation of calcium silicates at
the surface of cement grains and therefore retard hydration. Van der Waals attractive
forces are disrupted by the addition of cellulose ether, which forms a new interaction
network with the bridging of cement grains by adsorbed ether molecules (Brumaud
et al., 2014).
Welan gum is a high molecular weight, microbial polysaccharide which was shown
to increase viscosity, increase yield stress and improve cohesion and water retention
(Sonebi and Perrot, 2019) along with promoting shear thinning behaviour in
cementitious grouts (Sonebi, 2006).
Diutan gum - a natural, anionic, high molecular weight microbial polysaccharide -
has also been shown to be effective as a rheology modifying agent, increasing static
yield stress, reducing flow ability and segregation, enhancing cohesion due to the
entanglement and intertwining of polymer chains at low shear rates (Rubio, Sonebi
and Amziane, 2017). Diutan gum is established as a thickening, binding, emulsifying
and stabilising agent for use in cement and concrete (Xu et al., 2015).
Guar gum is a polysaccharide obtained from the endosperm of the Cyamopsis
tetragonolobus seed. It is usually employed as a thickener mainly in the food, textile
and paper industries rather than as a cementitious admixture. It has been shown to
possess pseudoplastic behaviour. Apparent viscosity increased with gum concentration
(Casas, Mohedano and García-Ochoa, 2000).
Xanthan gum is an anionic, high molecular weight extracellular polysaccharide,
produced by the natural bacterium Xanthomonas campestris (Xu et al., 2015).
Xanthan gum is established as one of the world’s most widely used soluble polymers
in the oil industry, used for the extraction of crude oil from a difficult-to-access oil
field, in addition to being established as a thickener in the pharmaceutical, food and
cosmetic industries (Casas, Mohedano and García-Ochoa, 2000). It has been recorded
as possessing poor thermal stability (Xu et al., 2015). Previous use of xanthan gum in




Aerial additive building manufacturing: three-dimensional
printing of polymer structures using drones
3.1 Commentary text
This chapter contains the first of two journal papers detailing the initial phase of
experimentation concerning polyurethane foams. The journal manuscript has been
published in ICE: Proceedings of the Institute of Civil Engineers - Construction Mate-
rials and is reproduced in this chapter.
In this published paper, the aerial additive manufacturing (AAM) project was generally
referred to as the aerial additive building manufacturing (Aerial ABM) project, this
being the initial terminology prior to the later decision to remove the word ’Building’
from the project title and general reference. Unmanned aerial vehicles (UAV) were
referred to as drones and aerial robots at the request of the journal, to promote
accessibility to a wider readership.
The initial deposition device dual-syringe design was developed with the two liquid
components of polyurethane foam in mind. The initial material vision of the AAM
project was to have a deposition device spraying an expandable polyurethane material
while attached to a flying UAV. During initial experiments undertaken as part of this
PhD, the author quickly concluded that low density foam had no structural potential
(although it is of value as a thermal insulator). Therefore, investigations focused upon
high density polyurethane foam with the intention that this should be developed into
a compressive structural material, with low density material tested for comparative
purposes.
It should be noted that polyurethane foam is affected by UV radiation from sunlight
which causes yellowing of the surface. Exterior use would therefore require additional
treatment of the cured foam to protect structural elements exposed to the sun,
especially as exposure has been considered to be potentially detrimental to chemical
and physical properties of the foam (Boubakri et al., 2010; Rosu, Rosu and Cascaval,
2009).
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3.4.1 Abstract
This paper describes the first aerial additive building manufacturing system developed
to create and repair civil engineering structures remotely using polymers extruded
from unmanned aerial robots (drones). The structural potential of three commercially
available expanding polyurethane foams of varying density (LD40, Reprocell 300
and Reprocell 500), and their feasibility for deposition using an autonomous flying
dual-syringe device is described. Test specimens consisting of one and two layers,
with horizontal and vertical interfaces, were mechanically tested both parallel and
perpendicular to the direction of expansion. LD40 specimens exhibited ductile
failure in flexural tests and provided evidence that the interfaces between layers
were not necessarily regions of weakness. Hand-mixed specimens of Reprocell 500
possessed compressive strengths comparable to those of concrete and flexural strengths
similar to those of the lower range of timber, though they exhibited brittle failure.
There are challenges to be faced with matching the performance of hand-mixed
specimens using an autonomous dual-syringe deposition device, primarily concerning
the rheological properties of the material following extrusion. However, the device
successfully imported and deposited two liquid components, of varying viscosity, and
maintained correct mixing ratios. This work has demonstrated the structural and
operational feasibility of polyurethane foam as a viable structural material for remote
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Keywords: Polyurethane foam, additive building manufacturing, aerial robots,
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3.4.2 Introduction
Additive manufacturing (AM) in the construction industry currently consists of large,
ground-based processes (Kreiger et al., 2015; Lim et al., 2012) that are reliant
upon favourable topography, soil conditions and climate. The size of an additive
manufactured, or ‘3D printed’, building is restricted by the size of the deposition
machinery. Structures have been created without the need for formwork, using both
cementitious materials with contour crafting, concrete printing and D-shape printing
methods (Le et al., 2012b; Lim et al., 2012; Labonnote et al., 2016) and polymeric
materials, an example of which is the ‘Canal house’ in Amsterdam, which consists of
bio-plastic elements (Frearson, 2016; Labonnote et al., 2016).
AM technologies currently being investigated for applications in the construction
industry broadly fall into three categories: fused filament fabrication, powder bed
printing and extrusion printing (Kreiger et al., 2015; Stansbury and Idacavage, 2016).
The last method extrudes fluid from a nozzle one layer at a time. The interface between
these layers is of critical importance, as factors such as the adhesive, rheological and
curing properties of the material, height of layers and speed of deposition all affect
the interface and whether it may become an area of weakness in the ensuing structure
(Kreiger et al., 2015; Lim et al., 2012).
Aerial robots have been established in a variety of applications including remote sensing
(Sugiura et al., 2003b), agriculture (Sugiura et al., 2003a), aerial photography (Schutte
et al., 2001) and surveillance (Wright, 2005), and are being considered in other areas
such as courier delivery (Khatib and Siciliano, 2008). Within the Aerial Additive
Building Manufacturing (Aerial ABM) project, it is envisaged that a coordinated swarm
of aerial robots, each equipped with a three-dimensional (3D) printing device depositing
viscous liquid with suitable mechanical properties, can construct or repair buildings
free from constraints concerning size, soil conditions and topography. This would be
particularly applicable where hazardous or inaccessible environments are involved. The
feasibility of 3D printing using a single aerial robot was demonstrated by the co-authors
at the Aerial Robotics Laboratory of Imperial College London (Hunt et al., 2014).
This paper investigates the feasibility of autonomous 3D extrusion-printing of
buildings and infrastructure repair applications using polyurethane foam. Expanding
polyurethane foam is established in the construction industry as a method of insulating
buildings (Wu, Van Gemert and Camargo, 2012) due to its low coefficient of thermal
conductivity (Zhang, Ding and Ou, 2014). To the authors’ knowledge, expanding
polyurethane foam has not previously been used as a structural material in either
residential or commercial construction projects. This study compares low-density LD40
foam used for thermal insulation (Isothane Ltd., 2016b) with higher density foams
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Reprocell 300, marketed as a substitute for timber in prop and set design, and Reprocell
500, which is used for deep-sea buoyancy applications (Isothane Ltd., 2016a).
A feasibility study of the two low-density polyurethane foam liquid components (Hunt
et al., 2014) demonstrated that these liquids could be carried by an aerial robot capable
of mixing and extrusion 3D printing the material during controlled, coordinated flight.
A quadcopter design capable of depositing foam within a defined 10 cm radius circle has
been developed, and Figure 3-1 illustrates the aerial robot in flight with an attached,
deployed dual-syringe device and a mixing nozzle of preliminary design.
Figure 3-1: Aerial additive building manufacturing: a 3D printing system on-board an
aerial robot capable of depositing foam within a defined 10 cm radius.
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3.4.3 Experimental methodology
The mechanical, morphological and rheological properties of the foams were laboratory
tested to determine structural and operational feasibility.
3.4.3.1 Polyurethane foam
The liquid components of LD40, Reprocell 300 and Reprocell 500 consist of a polyol
resin and an isocyanate hardener (Alaa, Yusoh and Hasany, 2015), with the resulting
rigid foam a product of polymerisation, as two isocyanate groups per molecule
chemically react with the polyol (Trovati et al., 2010). The mixing ratio was 1:1 by
volume for all three foams. Foam specimens were made using three methods:
• ‘Cut-edged’: pouring liquid components into a tray and hand mixing to create
a bulk of material, which was subsequently cut into specimens using an electric
band saw.
• ‘Moulded’: pouring hand-mixed liquid into wooden moulds that had been sealed
and pre-sprayed with Macsil releasing agent.
• Deposition of mixed liquid on to a plastic modelling mat by an autonomous,
powered dual-syringe device.
It was necessary to determine whether a closed porosity moulded edge provided
properties significantly different from those provided by an open porosity cut edge.
Test specimens were created both in one cycle of deposition, forming a single layer,
and in two deposition cycles, forming either horizontal or vertical interfaces in the
material. The interfaces are illustrated in Figure 3-2, which also shows images of the
moulded, one-layer specimens for all three foams created for compressive strength tests.
3.4.3.2 Mixing by hand
The Reprocell 500 liquid components required heating to a temperature of 35°C ±5°C
and, once poured together, required constant stirring to cream at 30 seconds ±10
seconds due to the isocyanate and polyol resin not initially being entirely miscible.
At ≈90 seconds, the light honey-coloured cream began to change to a darker brown,
thinner liquid as the polymerisation process began, resulting in an exothermic reaction







Figure 3-2: Moulded compressive test specimens of the polyurethane foams: a) LD40,
b) Reprocell 300, c) Reprocell 500 and test specimen schematic diagrams d) one layer,
e) horizontal interface and f) vertical interface.
Expansion occurred at 135 seconds with the isocyanate reacting with the water in
the polyol resin. Pouring took place between 140 seconds and 160 seconds, with
solidification occurring at 180 seconds. Reprocell 300 specimens were created using
a similar method. However, the exothermic reaction reached ≈80°C. LD40 required
minimal stirring at room temperature to cream, and exothermic reactions below 50°C
did not produce a visible change in the creamed liquid colour or viscosity.
LD40 specimens, with an average density of 45 kg/m3, possessed a high expansion
ratio of 20:1 during polymerisation. Reprocell 300 specimens averaged a density of 345
kg/m3 and expanded significantly less, with a ratio of 2:1. Reprocell 500 had a density
averaging 685 kg/m3 and displayed a minimal expansion of 1.5:1. During specimen
creation, the laboratory temperature was 20.3 ±0.5°C with 52% air humidity ±5%.
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3.4.3.3 The syringe deposition device
To deposit the foam material autonomously, a motorised syringe device was developed
as shown in Figure 3-3. The device employed a miniature high-power 6 V direct current
(DC) brushed motor with a 986:1 metal gearbox (Pololu Robotics and Electronics,
2016) powered by a PL155 Aim TTI bench supply. The rotary motion of the motor’s
shaft was translated to linear motion using a lead screw mechanism, which moved
the plungers of the two syringes simultaneously. Currently, the aerial robot carrying
capacity is 0.6 kg, therefore the amount of material capable of being lifted was
accommodated by two BD Plastipak 50 ml capacity concentric luer lock syringes.
Attached to the luer lock was a mixing device consisting of two 3 mm internal diameter
silicone rubber tubes joined to a single 5 mm internal diameter silicone tube with a
plastic connector. The single 5 mm tube contained one (for LD40) or two (for Reprocell







Figure 3-3: The dual-syringe deposition device and tubing: a) concentric luer lock
syringes, b) 6 V DC motor, c) 3 mm internal diameter silicone tubing, d) plastic
inter-connector, e) 5 mm internal diameter silicone tubing, f) epoxy static mixer nozzle.
The motor was driven at a constant voltage of 5.95 V, thereby allowing the power
requirements for the three foams to be determined by the current. With Reprocell 300
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and 500, foam deposition on a level surface was attempted with two static mixers, the
first followed by 34 cm of tubing (theoretically a 2 minute flow duration) and the second,
17 cm (1 minute flow duration), to accommodate the different stages of reaction. For
the LD40 foam, a single static mixer and a subsequent 17 cm length of 5 mm diameter
tubing was used.
The syringe device was suitable for integration into the 3DR ArduCopter Quad aerial
robot (shown in Figure 3-1) equipped with an ArduPilot on-board processor, three
axis accelerometers, three axis magnetometers and four brushless motors with speed
controllers. For this study, stationary positioning of the extrusion nozzle was assumed.
The deposition of foam on to a free surface served to confirm the feasibility of 3D
printing the material, rather than producing the rectangular parallelepiped specimens
required for British standards mechanical tests.
3.4.3.4 Mechanical tests
Three-point bending and compression tests were conducted on cut-edged and moulded
specimens in accordance with the rigid cellular plastics standards BS 4370-4:1991 (BSI,
2008a) and BS EN ISO 844:2014 (BSI, 2014), respectively. The mechanical properties
were tested both parallel and perpendicular to the direction of expansion using a 50 kN
Instron Universal 2630- 120/305632 for the flexure tests of all three foams, along with
LD40 compressive strength tests. An Automax 5 50-C46W2 was used for Reprocell
300 and 500 compressive tests due to a greater force than 50 kN being required.
Deformation due to long-term loading was analysed using a bespoke creep rig
(Figure 3-4), fitted with Solartron LE12 linear encoders (LE) as optical gauges. The
device accommodated eight specimens measuring 30 mm high × 20 mm × 20 mm.
There were two specimens each of LD40, Reprocell 300 and Reprocell 500 hardened
foams (one specimen with a vertical interface and one without an interface) along with
a solid pine white wood timber specimen, perpendicular to the grain direction (a weaker
timber) and an oak specimen parallel to the grain (a stronger timber) for comparison.
Appropriately sized weights were suspended from the horizontal lever arms at a distance
of 630 mm from the specimens (Figure 3-4). The pivots were 35 mm from the specimens,
providing a mechanical advantage of 18. The weights were relative to the average
compressive strength of the material at a ratio of 32:1. This corresponded to 1, 0.25 and
0.025 kg for the Reprocell 500, Reprocell 300 and LD40 foams, respectively. The pine
specimen was assumed to have a compressive strength >4 MPa and the Oak specimen
>8 MPa (Woodwork Web, 2017), therefore these were conservatively subjected to 0.125
and 0.25 kg, respectively. Steel plates 2 mm thick and measuring 25 mm wide × 40 mm
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long were placed on top of the specimens to ensure that force was applied uniformly to
each specimen.
The eight Solartron LE12 linear displacement transducers formed an Orbit 3
network with a Solarton USBIM Mk2 USB controller connected to a Solartron PIM
supplementary power supply, to ensure power to all eight LEs. Measurements were
recorded every 15 minutes over a period of 14 days. Temperature and humidity
were monitored for the duration of the test period to ascertain the effect of differing
environmental conditions. Environmental readings were synchronised with the readings







Figure 3-4: The creep test rig: a) cuboid specimens, b) metal plates to cover the
specimens and ensure uniform loading, c) suspended weights, d) horizontal lever arms,
e) solar orbit LEs, f) pivots.
3.4.3.5 Rheological tests
The liquid components of the foam – all three resins and the M27 Isocyanate – were
tested to determine viscosity using a Bohlin C-VOR 200 rotational rheometer with
torque rebalance software and a temperature controlling water bath. The coned-tip
geometry was of 4°/40 mm specification, with a gap of 150 µm between upper and lower
plates. The measurements were controlled by applied shear stresses, which ranged from
0.02 to 20 Pa, with 50 samples taken within the range and a 5 s delay specified between
samples. Each liquid was tested three times over the stress range and at temperatures
of 26, 30, 34, 38 and 42°C to determine how viscosity changed as temperature increased.
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The mixed creamy, viscous liquids of the foams were analysed with a Malvern Kinexus
Ultra+ rheometer using a bespoke method that increased the gap between the geometry
and the base plate as the liquid expanded. The diameters of the upper and base
disposable plates were 25 and 60 mm, respectively. The gap began at 1 mm; following
the recognition of normal force reaching a level of 0.005 Newtons, the method exercised
normal force control, maintaining a constant force to avoid compression of the foam
and analyse the vertical expansion of the material. The mixed liquids were hand-stirred
for 40 seconds prior to placing them upon the lower disposable plate and oscillatory
stress was applied with a flat geometry at a constant shear strain of 0.1. The method
recorded the elastic modulus G’, viscous modulus G” and phase angle, δ, over a time
period of nine minutes to monitor how the rheological properties changed as the mixed
foam solidified.
3.4.3.6 Microscopy
Two microscopy approaches were utilised to visualise the solid foam. A JEOL
SEM6480LV Scanning Electron Microscope (SEM) was used to obtain images of cuboid
samples at a magnification of 70x. A 10 nm gold coating was applied to the samples
prior to insertion into the electron microscope chamber to reduce charging. In addition,
cuboid samples of the three foams were vacuum impregnated with resin and polished.
Images were recorded using a Leica M205C stereo optical microscope and the Leica
application suite V3.8 software application at 5x magnification. Images were recorded




The compressive and flexural strengths of the three different types of foam can be seen
in Figure 3-5. The compressive strength achieved with the hand-mixed Reprocell 500
specimens exceeded 30 MPa, with that of one-layered specimens almost reaching 40
MPa. This is far in excess of the manufacturer’s specification (11.7 MPa) (Isothane
Ltd., 2016a). Reprocell 300 compressive strengths were <10 MPa for specimens
with interfaces; however, those of one-layered specimens almost reached 15 MPa.
Compressive strengths for LD40 were <1 MPa. Coefficients of variation for compressive
strength ranged between 1% - 19% with the exception of the following , which exceeded
20%: LD40, horizontal interface, moulded: 24%; Reprocell 300, horizontal interface,
moulded: 49% and Reprocell 300, vertical interface, moulded: 31% emphasising
the variable nature of interfaces in the higher expanding material within a moulded
confinement.
The flexural strength of Reprocell 500 reached 25 MPa, revealing that it is comparable
to the lower range of timber, which is 30 MPa (Howard, 2003). However, failure with
both Reprocell 500 and 300 was universally brittle, and vertical interface cut-edge
specimens (where the direction of expansion was parallel to the applied load) were
considerably more fragile and failed to reach 5 MPa. Fragility was not evident in
moulded specimens with vertical interfaces, where the direction of expansion was
perpendicular to the applied load. The flexural strength results provide an elastic
modulus range of <0.1 GPa for LD40, 0.2–0.6 GPa for Reprocell 300 and 0.4–1.4 GPa
for Reprocell 500. LD40 displayed ductile failure and the vertical interface moulded
specimens, again loaded perpendicular to expansion, performed well in relation to the
one-layered and horizontal interface specimens.
Two specimens of each foam were tested in the creep rig. For each foam, the
single-layered and vertical interface specimen strengths were consistent, therefore
Figure 3-6a shows the mean specimen deformation for each of the three foams.
Reprocell 500 and Reprocell 300 performed competitively with oak. As expected, the
low-density LD40 was the foam most susceptible to creep. The oak and pine specimens
were influenced by environmental conditions and fluctuated significantly Figure 3-6b.
This is particularly evident around 1 day and 7 days. The foams were influenced less




















































































LD40 Reprocell 300 Reprocell 500
Figure 3-5: Mechanical test results: a) compressive strength at fracture or 10% relative
deformation. b) flexural strength at fracture or 0.05 tensile strain. Y-axes possess a


















Reprocell 500 Pine - perpendicular to grain












































Figure 3-6: Creep rig results showing deformation due to long-term loading along with
the temperature and humidity data: a) foam specimen mean deformation and timber
specimen deformation, b) temperature and humidity.
3.4.4.2 Power, energy and syringe deposition
Table 3.1 summarises the energy and power required to draw up and deposit 2 x 50
ml of liquid. This represents the energy and power required for a single aerial robot to
obtain and expel its maximum carrying capacity. Through the 5 mm internal diameter
tubing, the velocity of liquid foam travel, without expansion, was 17 cm/minute. There
was negligible variation observed in time between the three types of foam both for
drawing up and deposition. The syringe device took 15 minutes to draw up 2 x 50 ml
of liquid, and 15 minutes to deposit it, operating at a rate of 3.33 ml/syringe/minute.
The influence of the visibly greater viscosity of the Reprocell foam resin components
had been mitigated by prior heating to a temperature of 35°C ±5°C. Reprocell 500
deposition required approximately twice as much energy as LD40.
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Table 3.1: Power and energy consumption of the syringe device for the three foams.
Key: R=Reprocell, V=Volts, A=Amperes, S=Seconds, J=Joules, C=Coulombs,
W=Watts, E. Transf=Energy Transferred/no. of units, kWh=kiloWatt hours.
Foam Voltage Current Time Energy Charge Power E Transf.
Type (V) ±5A (A) (S) (J) (C) (W) (kWh)
LD40 5.95 0.030 1800 321 54 0.179 0.0000893
R 300 5.95 0.040 1800 428 72 0.238 0.000119
R 500 5.95 0.055 1800 589 99 0.327 0.0001636
3.4.4.3 Rheology
The rheometer results are presented in Figure 3-7. All liquid components behaved in a
Newtonian manner and experienced a reduction in viscosity as temperature increased
(Figure 3-7a–d). At 2000–4000 cP, Reprocell 300 displayed the greatest viscosity. All
three mixed foams took ≈9 minutes to change from liquid-like behaviour, where G” is
dominant, to solid-like behaviour beyond the gelling point, whereG’ becomes dominant.
The gelling point was 529 seconds for Reprocell 500 as shown in Figure 3-7e. Mixed
foams displayed non-newtonian behaviour and two distinct peaks with the phase angle,
δ. Figure 3-7e shows the phase angle peaks for Reprocell 500. The expansion of the
foam was recorded by the normal force control as being 1.9:1 for Reprocell 300 and
1.4:1 for Reprocell 500.
3.4.4.4 Microscopy
The SEM images in Figure 3-8 highlight the difference in porosity between a moulded
specimen exterior (Figure 3-8a, c and e) and a cut-edge specimen (Figure 3-8b, d and
f ). The exterior image of Reprocell 500 shows an absence of pores at the specified
magnification. Material interfaces can be seen running horizontally across Figure 3-8g
(LD40) and h (Reprocell 500). Optical microscope images can be seen in Figure 3-9.
The image of an interface within a Reprocell 500 sample shows reduced pore sizes along
the edge of the upper layer (Figure 3-9d). Reprocell 500 exhibited greater variation
in cell size than the more uniform Reprocell 300. The Reprocell 500 resin component
has a lower viscosity, which makes formation of micro-cells easier, resulting in uneven






























































































































Figure 3-7: Rheometer test results showing: a–d) the viscosity of the three foam resins
and M27 Isocyanate hardening agent liquid components. Note the different y-axis for a
and b. e) the rheology of the mixed Reprocell 500 liquid: elastic modulus (G’), viscous









Figure 3-8: Scanning Electron Microscopy images taken at 70x: a) LD40 moulded
edge, b) LD40 cut-edge, c) Reprocell 300 moulded edge, d) Reprocell 300 cut-edge, e)
Reprocell 500 moulded edge, f) Reprocell 500 cut-edge, g) LD40 interface, h) Reprocell
500 interface.
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Figure 3-9: Stereo optical microscopy images taken at 5x: a) LD40 cut-edge, b)
Reprocell 300 cut-edge, c) Reprocell 500 cut-edge, d) Reprocell 500 interface.
71
3.4.5 Discussion
The high compressive strength of the moulded specimens of Reprocell 500 was aided
by its high density and low expansion ratio. The average density (685 kg/m3) was the
result of extensive and rigorous hand-mixing before, during and immediately following
polymerisation. The compressive strengths of the cut-edge specimens were similar to
those of the moulded specimens. The SEM images show significant closed porosity
at the moulded edges (Figure 3-8a, c and e), yet the presence of a significant edge
effect enhancing the compressive strength of the material is not evident in one layered,
horizontal interface or vertical interface specimens.
Moulded specimens with a vertical interface far outperformed cut-edge vertical
specimens in flexure. However, it is reasoned that this gap in performance is due to the
stronger adhesion of a vertical interface formed by the pouring of liquid perpendicular
to the direction of loading, rather than the edge effect of the moulding.
LD40 exhibited ductile failure in flexural tests. The interface between two layers,
intuitively expected to be a weakness, revealed itself to be an area of strength
within the material, with specimens containing vertical interfaces not cracking at the
interface during flexural tests, but elsewhere within the single layer of the rest of the
specimens. Likewise, the horizontal interface provided extra resistance in three-point
bending, contributing to a gradual failure with warning cracks rather than catastrophic
failure. However, LD40 specimens possessed a bending strength of <1 MPa, suggesting
suitability for non-structural purposes.
The ductile failure of LD40 contrasted with the brittle failure of the Reprocell
foams in flexure, where vertical interfaces parallel to the expansion of the foam in
cut-edged specimens did indeed prove to be a weakness, as flexural specimens cracked
predominantly at the interface and did not match the performance of one-layered or
horizontal interfacial specimens. Reprocell 500 is comparable to timber in terms of
flexural strength, but it is less stiff; the modulus of elasticity is a maximum of 1.4 GPa.
This is similar to timber’s elastic modulus in the weaker axis perpendicular to the grain
rather than parallel to the grain, which can be as high as 20 GPa (Howard, 2003).
The SEM images show a material that is not homogeneous; the pores differ greatly in
size and distribution. The interfaces in Figure 3-8g and h show a clear difference –
the LD40 layers have a superior, seamless bond, while the Reprocell 500 dense foam
material surrounds a distinct line of pores where the layers meet. The deposition of a
small amount of material in-situ by an aerial robot would result in vertical interfaces.
This could be mitigated by a sequence of aerial robots immediately depositing their
fluid before the preceding fluid had set, minimising each printed layer to one vertical
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interface at differing locations. Lateral/wind loading would be a secondary concern,
as this would impart loading perpendicular to the rise of the foam. Reprocell 500
represents a viable proposition as a compressive element in a 3D printed structural
solution and LD40 a viable insulating material.
The compressive viability of Reprocell 500 is further emphasised by the creep results
(Figure 3-6). Reprocell 500 is competitive with oak and the Reprocell 500 specimens
were subjected to a heavier weight. It is entirely possible that the oak specimen,
parallel to the grain, had a compressive strength equivalent to or greater than that of
Reprocell 500 and would have deformed to a greater extent with a 1 kg weight. The
timber specimens showed clear expansion with increased humidity and contraction with
decreased humidity, whereas the Reprocell foams were significantly more stable and
resistant to environmental change. Reprocell foams are suitable to resisting deformation
from long-term loading.
With the rheology results in Figure 3-7, it can be seen that with all four fluids,
the polymer chains have greater freedom to slide past each other as both shear
stress and temperature increase, leading to reduced viscosity. The heating of the
liquid components of Reprocell 300 and Reprocell 500, and the subsequent reduction
in viscosity, contributed to the amount of power being required to draw-up and
deposit the Reprocell foams being less than double than that required for LD40
(Table 3.1). Considering that Reprocell 500 has order-of-magnitude compressive and
flexural strengths superior to the LD40 foam, the extra energy is justified.
The mixed fluids used in the rheology tests experienced considerably less rigorous hand
mixing than the mechanical test specimens due to the logistical requirements of placing
and suitably trimming the samples. Tests confirm initial liquid-like behaviour, followed
by a reduction in the phase angle as viscosity increases. This is followed by confirmation
that the darkening, ‘thinning’ of the liquid as polymerisation occurs results in reduced
viscosity and a second clear peak as the mixed foam again becomes more liquid-like
(Figure 3-7e).
The final phase of solidification in the rheometer tests took almost three times as long
as for the hand-mixed specimens. Mixed Reprocell foams deposited by the syringe
device also did not react fully within the 3 minute hand-mixed time frame, as the
static mixers in the tubing supplied less rigorous mixing than was achieved by hand.
The polymerisation stage of the Reprocell foams’ chemical reaction did not take place
inside the tubing, but instead post-deposition, after lateral spreading on the free surface
had occurred with negligible vertical expansion.
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Clearly, as the stress applied to the mixed Reprocell foams increased, the rate of
reaction increased. LD40 syringe device deposition resulted in the material reacting
and expanding exactly as the hand-mixed samples did; however, expansion on the free
surface varied greatly in magnitude and direction, which is undesirable for the given
context.
The realisation of 3D-printed hardened specimens on a free surface with sufficient
shear strength and yield stress to support further layers is a challenge and will involve
modifying the rheology of the foam, for example by adding solid particles to increase the
shear strength. Two approaches may be investigated further with the syringe deposition
device - increased, rigorous mixing, whether by larger static mixers or introducing
mechanical mixers, or increasing the tubing length and introducing more static mixers
at intervals, so that the liquid may stay within the device for a longer period. The
former approach would be preferable to increase the pace of deposition in a construction
environment and allow aerial robots to deposit liquid at a greater rate.
This study shows that high-density polyurethane foam could feasibly be used as a
structural polymeric material. It also demonstrates that a small dual-syringe device
light enough to be carried by a quadcopter is capable of depositing and mixing liquids
of varying viscosities while maintaining the mixing ratio required for polymerisation.
The potential contribution to the construction industry of Aerial Additive Building
Manufacturing is significant. In addition to reducing labour costs, mitigating health
and safety issues and reducing waste by using material efficiently, the aerial approach
would release autonomous construction from ground-based design and logistical size
restrictions. It would facilitate both building repair work involving inaccessible or
inhospitable locations, where human labour may be compromised both in terms of
accuracy and safety, and the autonomous creation of structures upon unfavourable
terrain and under hostile conditions unsuitable for heavy, grounded machinery.
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3.4.6 Conclusions
It is concluded that Reprocell 500 high-density foam has the potential to be a structural
material and, particularly, a compressive element in a composite structural solution 3D
extrusion-printed by aerial robots. The ability to be printed by an autonomous device
requires modification of the foams’ rheology to achieve high viscosity immediately after
extrusion and provide sufficient shear strength to support further layers while still
liquid. This challenge is being investigated by the authors, using particle addition and
active mixing. LD40 has the potential to be 3D extrusion-printed for non-structural
purposes such as insulation.
All three foams were successfully drawn-up, mixed and deposited by a single motor
dual-syringe deposition device. By investing approximately twice as much power and
energy, the syringe device was capable of depositing material in excess of ten times
higher density and with compressive and flexural strengths an order of magnitude
higher. The study has demonstrated the feasibility of 3D extrusion-printing a polymeric
structural material using an aerial robot.
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Boundary analysis of polyurethane foam
structures for aerial additive manufacturing
4.1 Commentary text
This chapter contains the second of two journal papers detailing the initial phase of
experimentation concerning polyurethane foams. The paper focuses upon the extent
to which foam density is affected when fresh material encounters a boundary - be it a
confining mould, formwork or cured foam.
The paper has been peer-reviewed by the journal Additive Manufacturing and the
manuscript reproduced in this chapter is the second submission, awaiting further
review. The graph figures in this paper are presented in grayscale at the request
of a reviewer during first submission. In this paper, the project is referred to as aerial
additive manufacturing (AAM), which evolved as the preferred term for the project as
work progressed. "Aerial robots" is the terminology for drones in this paper.
Both the first polyurethane foam paper "Aerial additive building manufacturing:
three-dimensional printing of polymer structures using drones" (Dams et al.,
2017a), contained in Chapter 2, and the conference paper "Aerial additive building
manufacturing of 3D-printed cementitious structures" (Dams et al., 2017b), contained
in chapter 5 of this thesis, had been published by the time of the resubmission of this
paper. Therefore, both published papers are cited.
During the experimental work for this paper, it became clear that although high density
foam material was structurally viable in compression, the material required significant
modification of rheological properties while in the fresh state. A further phase of study
concerning polyurethane foam focused upon adding micro-particles to the two liquid
components and this investigation is covered in chapter 5.
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4.3.1 Abstract
Additive manufacturing (AM) in the construction industry currently consists of
ground-based investigations. Bringing aerial capabilities to AM construction
offers enormous scope to create or repair structures in dangerous, elevated or
difficult-to-access locations. The aerial additive manufacturing (AAM) project is
developing an approach to transform safety and efficiency in the innately hazardous
construction industry by using quadcopter robots depositing suitably viscous material
during flight. The project is, for the first time, investigating the use of rigid
polyurethane foam as a structural material, and this paper examines the feasibility
of an AAM solution for creating or repairing habitable structures using high density
foam as structural layers and low density foam as insulating layers. Drilling resistance,
shear, flexural, thermal and microscopy tests with cured polyurethane foam investigate
density variation, interfacial integrity, thermal stability and mixed liquid-component
confinement during the exothermic foaming process. Results reveal dense polymer
matrices at interfaces and directionally dependent cell expansion during foaming
reactions, with the dense interfacial matrices in both brittle, high density foam and
ductile, low density foam specimens being vulnerable to failure from loading parallel to
the interface, but providing improved resistance to perpendicular loading. When faced
with the challenge of fresh multiple layer deposition, an AAM construction solution
using high density foam would benefit from temporary 3D-printed supporting material




AAM Aerial Additive Manufacturing
AM Additive Manufacturing
DMA Dynamic Mechanical Analysis
DSC Differential Scanning Calorimetry
E’ Elastic/storage modulus (DMA)
E” Viscous/loss modulus (DMA)
FTIR Fourier Transform Infrared Spectroscopy
G’ Elastic/storage modulus (Rheology)
G” Viscous modulus (Rheology)
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STA Simultaneous Thermal Analysis
TGA Thermal Gravimetric Analysis








Additive Manufacturing (AM) methods are still in a state of relative infancy in
the construction industry and currently consist of large, ground based deposition
methods (Lim et al., 2012; Ames, White and Alhasan, 2015). The size of an additive
manufactured building is therefore limited by the size of the ground based 3D printing
machinery and architectural design is limited by the manoeuvrability of the extrusion
system components. An alternative approach would be to bring an aerial capability
to AM with the aim of releasing building projects from creative, dimensional and
logistical ground-based constraints, promoting construction site safety and reducing
material wastage and project inefficiency, still commonplace in the construction sector
(The Economist, 2017).
The aerial additive manufacturing (AAM) project is an emerging robotic construction
system in which autonomous flying aerial robots, carrying a lightweight 3D
extrusion-printing device, deposit a suitably viscous material with appropriate
mechanical properties one layer at a time to create or repair structures in-situ (Aerial
Additive Manufacturing, 2016; Dams et al., 2017a).
While the use of aerial robots is established in areas such as the military, civilian,
commercial and emergency service sectors (Feron and Johnson, 2008), the use of aerial
robots in the construction industry has been primarily concerned with surveillance
work, building inspection and gathering data to inform cost estimates (Dillow,
2016; Drones Direct, 2017). The new AAM approach will offer the ability to
execute construction projects in difficult, hostile environments, for example challenging
topography or post-disaster reconstruction, whilst greatly reducing labour-related
costs, delays and, most importantly, safety risks - the construction sector is inherently
hazardous, with a high human fatality record. Falls from height are the leading cause
of construction-related fatalities between 2012 and 2017, with an average of 40 per year
in the UK alone (Health and Safety Executive, 2017) and 364 in the USA in 2015 –
39% of construction related deaths (OSHA, 2015).
A particular advantage of AAM will be the creation or repair of structures where
elevation and site access are an issue, for example bridges, stadia or commercial
premises. AAM would reduce the requirement for dangerous abseiling-based activities,
roofing labour or scaffolding equipment, the erection and dismantling of which is
identified as the leading cause of falls from height in construction (Nadhim et al.,
2016).
Ground based AM practises may be classified as extrusion printing, fused filament
fabrication and powder bed printing (Ames, White and Alhasan, 2015; Stansbury and
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Idacavage, 2016). Extrusion printing, which involves the extrusion of material through
a nozzle and deposition in a series of layers to form an object, is based upon the AM
method of fused deposition modelling. As a result of the layered approach, a series
of interfacial regions is created within the material. In addition to manufacturing
parameters such as the height of the printed layer and the speed of deposition (Lim
et al., 2012; Ames, White and Alhasan, 2015), the adhesive, rheological and expansion
properties of a curing material affect these interfacial regions, with the density of the
cured material being important to the integrity of the resulting building.
The development of new AM technologies using polymeric materials requires the
development of a material which simultaneously possesses both workability (suitable for
nozzle extrusion) and buildability (being able to support self-weight and weight from
subsequently added layers of material). The Canal House and Urban Cabin projects,
designed by DUS architects and located in Amsterdam, the Netherlands, are examples
of polymeric materials being used with a ground based fused deposition method to 3D
print habitable structures (Labonnote et al., 2016; Frearson, 2016).
Polyurethane foam is available in a wide range of densities and as density increases, the
extent to which the curing liquid material expands before solidification is decreased.
Polyurethane foam possesses a low coefficient of thermal conductivity (Zhang, Ding
and Ou, 2014) and high expansion, low density foam is established in the construction
industry as an insulating material (Widya and Macosko, 2005). To the authors’
knowledge, low expansion, high density polyurethane foam has not previously been
used as a structural material in the construction industry.
The feasibility of using an aerial robot to 3D print polyurethane foam in-situ during a
controlled flight has been demonstrated by the Aerial Robotics Laboratory of Imperial
College, London (Hunt et al., 2014). Dams et al. (2017a) have demonstrated that
high density polyurethane foam has the potential to be a structural material, with
compressive strengths exceeding 30 MPa. The liquid components of both high and
low density polyurethane foams have also been shown to be suitable for intake and
deposition using a powered autonomous dual-syringe deposition device light enough to
be carried by an aerial robot. Further properties of polyurethane foam such as low
weight and high volume due to expansion suggest suitability for AAM.
This paper examines the feasibility of an AM solution using polyurethane foams to
create or repair a habitable structure, with high density foam as structural layers and
low density foams as insulating layers. Interfacial regions define the performance of
AM components and the study uses mechanical, thermal and microscopy tests to focus
upon material behaviour and the resulting properties of both high and low-density
polyurethane foam when the mixed, curing material encounters previously cured
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material or other solid matter. It examines interfacial and external edge regions by
investigating material density both at interfaces within material and at boundaries
imposed by moulds, which represent the presence of supporting material. Cured
specimen failure modes relating to interfaces during mechanical tests are investigated.
The challenge to prevent lateral deformation of extruded fresh material is presented
and evaluated, with a robotic arm representing the movement of an aerial robot in
three dimensional space. Suitable construction applications, with implications for AAM
architectural and structural design, are discussed.
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4.3.3 Experimental methodology
Three types of closed cell thermosetting rigid polyurethane foam were investigated
in this study. Each foam consisted of two liquid components - a polyol diol resin
and diphenylmethane di-isocyanate hardening agent (Alaa, Yusoh and Hasany, 2015).
Upon polymerisation of the liquid components, a cross-linked rigid foam was formed
(Trovati et al., 2010) through a gel reaction and competing blow reaction (Zhao et al.,
2013). For the blow reaction, water present in the mixture served as a blowing agent
and no additional chemical or physical blowing agents were added.
Table 4.1 shows typical applications of the different cured foams (Isothane Ltd., 2016a;
Dams et al., 2017a), along with the average density of ten laboratory-manufactured




where ρf is the laboratory determined density of the cured foam specimen and ρs is
the density of solid polyurethane, taken as 1200 kg/m3 (Ridha and Shim, 2008). Using
the rheological methodology outlined in Dams et al. (2017a), expansion ratios were
attained using a Malvern Pro+ rheometer, which monitored and maintained normal
force as the mixed liquid components expanded between the parallel upper and lower
plates.













Reprocell 500 Deep seabuoyancy 685 0.62 1.4:1
4.3.3.1 Polyurethane foam specimen manufacture
During specimen manufacture, the laboratory environment was 20°C ± 1°C with 52%
air humidity ±5%. Prior to 1:1 mixing by volume, the individual liquid components of
the foam were heated to 35°C ±5°C and the exothermic reaction resulted in a cured,
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rigid specimen at 180 seconds with rapid solidification commencing at 170 seconds.
Two methods were employed to manufacture the laboratory test specimens.
Method one consisted of cut-edged specimens with an internal interface. For all three
foams, the two liquid components were poured into a tray and hand mixed to create a
bulk of material from which test specimens were cut to size with an electric band saw.
The liquid components were mixed and poured in two deposition cycles:
• firstly, enough liquid was mixed and poured to occupy half of the tray volume.
• After curing for three minutes, a second quantity of liquid was mixed and poured
on top of the cured layer to fill the remainder of the tray.
Preliminary mechanical tests had varied the time period between layer deposition using
three, fifteen and thirty minutes. These had revealed no discernible difference in results,
as the material is fully cured after three minutes. Additionally, within a time period
of less than three minutes, the first layer is still liquid-like and incapable of receiving
a defined second layer. Consequently, the time between layer deposition was kept
consistent at three minutes throughout this study.
The second method consisted of manufacturing moulded, one-layered specimens. The
mould represented the presence of a 3D-printed supporting material, deposited using
a suitable technique for fused deposition modelling-based AM, such as the shell or film
techniques (Barnett and Gosselin, 2015). For all foams:
• the two liquid components were hand mixed in a measuring beaker.
• The mixed liquid was poured into wooden moulds which had been pre-treated
using wood sealant and Macsil releasing agent to act as a barrier and prevent the
foam from bonding to the mould surface.
• The mixed liquid expanded and cured within the moulds. Enough liquid was
poured in to fully occupy the mould volume, therefore these specimens had no
internal interface.
Initial tests examining the flexural strength of moulded cured specimens, made using
both hand mixing and a dual syringe deposition device with tubing and a static mixer
light enough to be carried by an aerial robot (Dams et al., 2017a), showed no discernible
differences in results between the two methods. Therefore, continuation of the hand
mixing method was considered appropriate for this study.
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Using an infrared digital thermometer, the mean temperatures recorded during the
contained foaming reactions were 108°C for high density Reprocell 500, 78°C for
medium density Reprocell 300 and 46°C for low density LD40. These were much
higher than the temperature of a mixed liquid component foaming reaction deposited
on to a level, free surface at room temperature with no containment, typically ≈50°C
for Reprocell 500 and less for Reprocell 300 and LD40 foams.
4.3.3.2 Cured thermal stability
Dynamic mechanical analysis (DMA) and simultaneous thermal analysis (STA)
featuring thermo-gravimetric analysis (TGA) and differential scanning calorimetry
(DSC) were used on powdered samples to examine the thermal stability of the cured
material. With STA, DSC (heat flow changes verses temperature) was used to analyse
glass transition and TGA to analyse mass loss as temperature increased. The tests
were carried out on Netzsch Jupiter STA-449F1, TRG004 and QMS403D devices with
Aeolos Proteus thermal analysis software.
The range of temperature used within the steel furnace was 30°C - 450°C and the
samples were heated at 10°C /minute. To verify the glass transition temperature of
the foam, DMA was carried out using a Mettler Toledo DMA1 instrument with star
system analysis software, over a temperature range of 30°C – 450°C with a ramp of
5°C /minute. A solid cube specimen of each cured foam measuring 5 mm x 5 mm x 5
mm was clamped in compression geometry with a 1 N preload. Force was applied to
realise a displacement of 0.01 mm (0.2% strain) and oscillations were kept constant at
1 Hz. DMA measured the storage modulus E’, the loss modulus E” and the damping
factor, tan (δ), with reductions in E’ and peaks in tan (δ) indicating glass transition.
4.3.3.3 Drilling resistance
To examine the variation in density within the cured foam, the drilling resistance
of the specimens was measured using a Sint Technology cordless drilling resistance
measurement system (DRMS) fitted with a 5 mm diameter polycrystalline diamond flat
tipped drill bit. The position of the drill bit was linked to software which continuously
recorded the force required to advance the penetration of the moving drill bit through
the foam specimen. The DRMS device was affixed to a steel frame and positioned on a
tripod as shown in Figure 4-1. The steel frame allowed for forward and backward
adjustment to position the drill bit 1 mm from the sample prior to commencing
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autonomous drilling. Two steel plates linked with threads allowed foam specimens







Figure 4-1: The SINT Technology drilling resistance measurement system (DRMS) a)
drilled test specimen. b) clamp. c) drill bit. d) tripod attachment. e) DRMS module,
connected to software. f) drill.
The rectangular parallelepiped specimens measured 220 mm long x 50 mm wide x 25
mm deep. The bit rotation speed was 300 rpm and the bit penetration speed (or rate of
advancement) was kept at 10 mm/min with a total advancement distance set at 30 mm,
allowing bit penetration through the entire body of the 25 mm deep specimens. The
foam material is non-homogeneous and contains variations in pore size (Dams et al.,
2017a). Therefore, both moulded one-layered specimens and cut-edge specimens with
horizontal interfaces were drilled three times in differing locations and mean values were
taken. To monitor the drill bit wear, holes were drilled into a homogeneous reference
material at intervals of one hour to ensure a consistent force was required for the
penetration of the reference material and that drilling results were not compromised
by the increased temperature or wear of the drill bit.
4.3.3.4 Modes of failure
Shear tests were conducted on rectangular parallelepiped specimens of all three foams
with the same dimension as those used for drilling resistance. Figure 4-2 shows the steel
shear test rig, assembled in accordance with BS ISO 1922:2012 (BSI, 2012), containing
a low density LD40 polyurethane foam specimen. The lower plate (attached to the
machine grip on the right of Figure 4-2) was fixed and the upper plate was moved away
from the base plate as indicated, applying shear stress to the specimen.
88
Smooth steel plate surfaces were uniformly roughened prior to specimen adhesion by
grit-blasting with recycled glass particles. Prior to testing, imperfections on the surfaces
of moulded specimens were sanded with abrasive paper and the specimens were bonded
to the plates with an adhesive. Once bonded, the specimens were left to cure for 24
hours at a temperature of 100°C to fully harden the adhesive and encourage a cohesive
failure within the internal interface. During the shear tests, specimens with interfaces












Figure 4-2: The shear stress test rig a) movable machine grip. b) universal joint
connections, allowing axis rotation. c) tongue and grooves. d) nut and bolt supports
with load spreading plates. e) supporting steel plates, with sandblasted internal
surfaces. f) test parallelepiped specimen 250 mm x 50 mm x 25 mm, bonded with
adhesive to the steel plates. g) fixed machine grip.
Three-point flexural strength tests have previously been conducted by the authors on
350 mm long x 50 mm wide x 25 mm deep rectangular parallelepiped specimens of
LD40, Reprocell 300 and Reprocell 500 foam in accordance with BS 4370-4:1991 (BSI,
2008b) using a 50kN Instron Universal 2630-120/305632 device (Dams et al., 2017a).
This study focuses upon the modes of flexural failure for specimens containing an
internal horizontal interface perpendicular to the direction of loading, and evaluates
whether the interface was a region of strength or weakness.
4.3.3.5 Scanning electron microscopy
A JEOL 247 SEM6480LV scanning electron microscope was used to obtain images
of cured foam specimens at magnifications of X10 and X22 to qualitatively assess
cell structure, density variation and the extent of cell anisotropy. The specimens were
covered with a 10 nm gold coating immediately prior to insertion into the SEM chamber
in order to reduce charging.
89
4.3.3.6 Autonomous deposition of fresh material
A dual syringe motorised deposition device with tubing and static mixer, detailed in
Dams et al. (2017a), was used to deposit freshly mixed foam, with the tubing nozzle
manipulated in 3D space by a Dobot magician robotic arm with four degrees of freedom
and programmable trajectory. Multiple layers were extruded, in the formation of an
arc, by the robotic arm on to a level surface in immediate succession, to examine lateral
deformation and evaluate the challenge presented by the fresh, uncured properties of
the material to an AAM construction approach.
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4.3.4 Results
4.3.4.1 Simultaneous thermal analysis
The simultaneous thermal analysis results are presented in Figure 4-3. The DSC graph
(Figure 4-3a) shows moderate heat flow changes for all three powdered samples between
50°C and 100°C but this does not present a clear ramp confirming glass transition. The
TGA graph (Figure 4-3b) illustrates the percentage mass loss over the temperature
range and a decomposing temperature of ≈350°C is established for all three foams. The
TGA differential with respect to time, dTG (Figure 4-3c), shows the rate of change as
being most pronounced with Reprocell 500; above 350°C, it has lost more mass than
the LD40 and Reprocell 300 samples (Figure 4-3b).
4.3.4.2 Dynamic mechanical analysis
Figure 4-4 shows the storage modulus E’ (on a logarithmic scale) and damping factor
tan (δ) (loss modulus E” divided by E’) for the three foam samples (one sample for each
foam). The tan (δ) peaks of the LD40 foam samples were significantly broader than
those of the Reprocell foams, but all foams show glass transition within the temperature
range of 120°C - 150°C. LD40 displays a significantly lower storage modulus than the
Reprocell foams, confirming it is a much less-stiff material.
4.3.4.3 Drilling resistance
The results of the drilling resistance measurements are presented in Figure 4-5. The
moulded, one-layered specimens show a higher force was required at the beginning
and the end of the drilling process. In contrast, the two-layered cut-edged horizontal
interface specimens display higher force in the centre. The three graphs feature differing
y-axes due to the changing levels of force required for the drill bit to penetrate the
material, with less than 2.5 N required for the densest areas of LD40 foam (Figure 4-5a)
ranging to almost 40 N to penetrate dense boundary areas of Reprocell 500 specimens
(Figure 4-5c). As the density of the foam increased and expansion decreased, the
extra force required to penetrate the material at the interface of two-layered cut-edged
specimens declined. With the low density and high expanding LD40 (Figure 4-5a),
only ≈5% of the force required to penetrate the foam at the internal interface was






























































Figure 4-3: Simultaneous thermal analysis of cured samples of the three foams, a)
Differential scanning calorimetry (DSC). b) Thermo-gravimetric analysis (TGA). c)
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Figure 4-4: Dynamic mechanical analysis for solid cuboid samples of the three foams
showing storage modulus E’ (on a log scale) and damping factor tan (δ).
interfacial force required for Reprocell 300 (Figure 4-5b) and ≈85% for Reprocell 500
(Figure 4-5c).
Moulded one-layer specimens exhibited a denser material at the specimen edges, where
the expanding foaming material was physically constrained by the mould surface and
prevented from bonding with the mould surface by the release agent. This is more
pronounced with the high-expanding LD40. The effect is also clearly visible on the
Reprocell 300 specimens, with the drill requiring greater force to penetrate the material
at the mould boundaries of one-layered specimens. The Reprocell 500 one-layered
results however have a significant peak at the beginning, but not at the end, showing
a clearly less dense polymer matrix at the base of the specimen. Figure 4-6 illustrates
a schematic diagram of material density based upon the drilling resistance results in
Figure 4-5.
4.3.4.4 Modes of failure
Figure 4-7 illustrates the failure of LD40 and Reprocell 500 specimens during
three-point bending tests where loading is parallel to interfaces. LD40 specimens
(shown in Figure 4-7a-b) exhibited ductile behaviour and interfaces (Figure 4-7b)
provided resistance to crack propagation. Reprocell 500 (shown in Figure 4-7c-d) while
stronger and stiffer, displayed far less ductility and brittle failure. The Reprocell 300
specimens failed in the same manner as the Reprocell 500 specimens.
Figure 4-8 shows the failure of LD40 and Reprocell 300 specimens resulting from shear
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Figure 4-5: Drilling resistance for the foams a) LD40. b) Reprocell 300. c) Reprocell
500.
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Areas of high density
Figure 4-6: Density schematic of a moulded, one-layered specimen (above) and
cut-edged, interface specimen (below) in elevation.
Table 4.2: Expected (Isothane Ltd., 2016b), (Isothane Ltd., 2016a) and actual shear
strengths achieved before shear or adhesive failure of one-layered specimens.






LD40 0.2 0.2 Shear
Reprocell 300 7.5 1.3 Adhesive
Reprocell 500 11 1.5 Adhesive
specimens (Figure 4-8a) showed shear failure in a diagonal plane and LD40 two-layered
specimens with a horizontal interface (Figure 4-8b) showed cohesive failure at the
interface at a lower load, rather than a diagonal plane. Both Reprocell 300 (shown
in Figure 4-8c) and Reprocell 500 one-layered specimens all exhibited adhesive failure,
where the specimen separated from the steel plate, whereas both Reprocell 300 (shown
in Figure 4-8d) and Reprocell 500 two-layered specimens with an interface, failed along
that interface, again at a lower load.
The recorded shear strength of the foams is shown in Figure 4-9; the shear strengths
of the Reprocell foams as stated in the manufacturers specifications (Isothane Ltd.,
2016a) shown in Table 4.2, was not verified during the tests due to adhesive failure of
the one-layered specimens at a considerably lower load.
4.3.4.5 Scanning electron microscopy
Scanning Electron Microscope images at X22 magnification (Figure 4-10) revealed that
low density LD40 foam consisted of polyhedral cells connected by thin membranes of
material with triangular struts at cell vertices (Figure 4-10a). By comparison, higher
density Reprocell foam (Figure 4-10c, Figure 4-10e) consisted of spherical, or elongated
spherical, cells with various extents of isolation within a polymer matrix. There is









Figure 4-7: Flexural test specimen failure a) LD40 one-layered. b) LD40 with interface.






Figure 4-8: Shear test specimen failure a) LD40 one-layered, shear failure. b) LD40
with a horizontal interface, cohesive failure. c) Reprocell 300 one-layered, adhesive























Figure 4-9: Shear strengths achieved for cut-edged interface specimens (cohesive failure
for all three foams) and one-layered moulded specimens (adhesive failure for the
Reprocell foams). Only one-layered LD40 specimens exhibited shear failure. Error
bars denote the standard deviation.
and the Reprocell 500 interior image (Figure 4-10e). Both foams displayed elongation
in the direction of expansion following deposition. The exterior images (Figure 4-10b,
Figure 4-10d, Figure 4-10f ) show dense polymer matrices and reduced visibility of cells.
Figure 4-11 shows a Reprocell 500 interface with a very dense polymer matrix, with
fewer cells in the bottom of the second layer. This contrasts sharply to the top of the
first layer.
4.3.4.6 Autonomous deposition of fresh material
Figure 4-12a shows layers of fresh material being deposited in immediate succession,
with subsequent layers deposited on top of uncured material at two, four, six and eight
layers. Figure 4-12b shows the completed deposition of one layer and ten layers of fresh
material. Figure 4-12c shows a preliminary syringe device design attached vertically to
the base of a quadcopter aerial robot. The issue of lateral deformation is highlighted
as the deposition progresses through the ten layers, with deformation of fresh material
and layer run-off while in a liquid state, rather than expansion during curing, being





Figure 4-10: SEM images of the polyurethane foam at X22 magnification a) LD40,
interior. b) LD40, exterior. c) Reprocell 300, interior. d) Reprocell 300, exterior. e)

















Figure 4-12: Autonomous deposition of freshly mixed, uncured foam. a) Dobot
magician robot arm depositing material in a programmed arc trajectory, shown at
two (a1), four (a2), six (a3) and eight (a4) layers. b) Completed ten layers (bottom
foreground) and one layer. c) Preliminary aerial quadcopter robot design with syringe
device attached vertically to the base.
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4.3.5 Discussion
Polyurethane foam is not a homogeneous material and the density within each test
specimen exhibits variation (Figure 4-10, Figure 4-11), with the density influenced by
cell growth interacting with the boundary conditions of the mould walls and previously
deposited cured foam. During the foam reactions, cells nucleate as pores (bubbles)
which expand due to CO2 diffusion (Dawson and Shortall, 1982) and the amount of
gas released during the blow reaction controls material density (Saint-Michel, Chazeau
and Cavaillé, 2006). The variable, non-homogeneous nature of polyurethane foam is
confirmed by the drilling resistance tests, as all results display variation of force during
drilling.
Regarding the interface specimens, Figure 4-11 shows visual evidence of a dense matrix
at the base of a Reprocell 500 second layer in comparison to the upper material of a first
layer. The top surface of the hardened deposited first layer of material behaves as a
boundary to the incoming mixed liquid of the second layer. Therefore, in drilling tests
it is the base of the second, latterly deposited layer which provided greater resistance
rather than the upper surface of the first layer.
The mixed liquid of the second layer gathers at the first layers’ upper surface, forming
an interface. The blow reaction then causes CO2 filled pores to expand freely upwards
and outwards. This leaves a denser polymer matrix in contact with the surface of the
lower layer, which acts as a boundary, and causes expanding cells to elongate in the
direction of expansion away from the boundary. Layers deposited first in an interface
specimen were not subjected to an upper boundary and could freely expand vertically.
Likewise, the second layer deposited was allowed free vertical expansion away from the
boundary of the cured first layer and accordingly the material did not display greater
density at the cut-edged upper face.
Figure 4-5 shows that as density increases there is less variation in the internal density.
This is consistent with previous studies showing that if foam expansion is constrained
by a boundary, cells elongate in the freely-expanding direction (Mills, 2007), but the
cellular anisotropy decreases as density increases (Dawson and Shortall, 1982).
The hand-mixing of the liquid components in the laboratory is also a factor in
non-homogeneity. The amount of time taken to mix the liquid components was
constant, but the revolutions per minute of the manual stirring varied within that time.
The liquid components were heated prior to manual mixing using a heat gun until the
temperature indicated by the infrared digital thermometer reached 35°C ±5°C. This
introduced variation in expansion within a sample as the greater the temperature, the
greater the rate of observed expansion. Additionally, although the room temperature
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and relative humidity were kept broadly constant, and the specimens were all created
in the same space, it is entirely possible that environmental variations occurred in line
with room occupancy and natural ventilation. This would affect the temperature of
the mixed liquid components and therefore the density of the ensuing cured specimen.
Furthermore, within a confined mould the rate of heat loss would be reduced, resulting
in a higher maximum temperature being reached during the polymerisation process.
Within confining boundaries, the higher temperature (in excess of 100°C for Reprocell
500) promotes the exothermic reaction and thus expansion of the curing foam. This
results in the expansion of cells away from constraining boundaries and gelation leading
to a denser polymer matrix concentrated at the moulded boundaries. The absence of a
boundary is a challenge in relation to AAM, with the freshly mixed liquid foam being
deposited through a nozzle on to a free surface. With no boundary (or formwork)
to contain the material, the temperature of the exothermic reaction is much lower,
resulting in a longer curing time.
Variance in the degree of cross-linking of the polymer chains in the foam is caused by
variations of hydroxyl group numbers present in the polyol resin liquid components
(Trovati et al., 2010). Polyol promotes the creation of long, flexible chains and
the greater the amount of excess polyol resin present, the less polyurethane chain
cross-linking occurs, leading to a less stiff material and affecting the mechanical
properties.
The results of this study suggest that there is a greater intensity of hardening agent
present in the cured Reprocell specimens, improving mechanical strength, and less in
the high expanding LD40 foam. The lesser cross-linked LD40 is clearly more susceptible
to variations in polyol content and possesses properties quite distinct from the more
cross-linked Reprocell foams. The LD40 interface specimen (Figure 4-7b) shows that
the relatively dense polymer matrix at the base of the second layer provided resistance
to flexural failure. The Reprocell foams also possessed relatively dense polymer matrices
at second layer bases (Figure 4-11) and while the interface was not an area of weakness,
it offered no discernible extra flexural strength for the Reprocell foams.
In the shear tests, interfaces were parallel to the direction of loading and were regions
of weakness for all three foams. LD40 one-layered specimens failed in shear and LD40
specimens with interfaces failed along the interface. While it was not possible to
test the Reprocell 300 and 500 one layered specimens to their full shear capacity,
it can be determined that specimens with interfaces fail along the interface at a
lower load than the failure load of the one-layered specimens when separating from
the adhesive (Figure 4-9). Clearly, structural design using polyurethane foam would
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require consideration of shear failure resulting from parallel loading as a primary design
criterion.
The DMA analysis (Figure 4-4) indicated a glass transition temperature within
the range 120°C - 150°C. This was not distinct with DSC analysis and only the
decomposition temperature of the material in the region of 350°C was confirmed
(Figure 4-3) using both methods. Therefore, DMA was the most appropriate method
to evaluate the thermal integrity of the cured polyurethane foam and established the
material as being stable below 100°C.
As shown in Figure 4-12, freshly mixed liquid foam is deposited through a nozzle on to
a free surface or a previously deposited layer (the material of which may not be cured).
With no boundary (or formwork) to confine and contain the material, fluid laterally
deforms and the temperature of the exothermic reaction is much lower, resulting in
a longer curing time. For successful AAM deposition using fresh polyurethane foam,
there are several possible avenues of investigation to address the challenges of lateral
deformation and prolonged curing time.
Firstly, micro-particles or nano-particles may be inserted into the freshly mixed liquid
to modify the rheological properties, enhancing viscosity in order to minimise lateral
deformation following extrusion, without compromising the ability of the material to
flow while still in the tubing of the deposition device. A second option would be
investigation into the addition of a chemical catalytic agent to increase temperature in
the mixed liquid and accelerate the exothermic reaction, leading to earlier solidification.
A third approach would be to use 3D-printed supporting material capable of receiving
and containing the mixed liquid, acting as temporary confining formwork to shape
the foaming liquid into the desired cured lateral dimensions, with the removal of the
supporting material following full curing of the 3D-printed element. The difference
in temperature recorded for the contained and free exothermic reactions (the free
exothermic reaction temperature is approximately half of the contained reaction for
Reprocell 500), emphasises the potential value of previously 3D-printed supporting
material reducing the rate of heat loss and accelerating the exothermic foaming reaction.
Temporary 3D-printed supporting material is an asset in AM (Barnett and Gosselin,
2015). This approach may be the most viable as it would not require any modification
of the polyurethane liquid and the temporary formwork may be shaped or manipulated
to realise a smooth-edges element and possibly bespoke architectural design.
Considering potential AAM construction, a possible extrusion-printed polyurethane
foam cavity wall would consist of two high density Reprocell 500 external structural
skins containing internal low density LD40 insulating layers. The Reprocell 500 foam
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would be printed first to the full wall height, with the ensuing LD40 layers then extruded
and expanding to fill the void. Therefore, the Reprocell 500 cured foam would effectively
act as containing formwork for the internal LD40 foam material, which would be most
dense at the interfaces with the confining Reprocell 500 material.
Without moulds or formwork providing a constraining boundary, Reprocell 500 edge
material would not be expected to be denser. However, if a temporary supporting
3D-printed material approach is used, the Reprocell 500 material would consist
of a denser polymer matrix when encountering this boundary. While interfaces
perpendicular to loading will be an asset in LD40 3D-printed material, it can be
reasoned that the horizontal interfaces between layers in 3D-printed Reprocell foam
will not provide a significantly higher resistance to perpendicular loading, although
equally the interface would not be an inherent weakness. However, where loading is
parallel to an interface, the interface would indeed be a region of weakness in the
structure for all foams.
The architectural and structural design considerations of a 3D-printed building using
polyurethane foam would be informed by the desire to minimise interfaces in the
material parallel to structural loading. Research into the most suitable designs
for structures printed using AAM technology have examined domes and gridshells.
With domes, it is plausible to use supporting inflatable objects on which to 3D-print
polyurethane foam, and subsequently deflate once curing has taken place. A grid-shell
approach would involve the prior erection of a mesh framework on which to print,
which would remain as a permanent reinforcing element within the 3D-printed
polyurethane foam material, in combination with temporary 3D-printed supporting
material to externally confine the extruded foam. These options would support
interfaces vulnerable to parallel loading.
The aerial approach to AM offers enormous scope for repairing structures in addition to
assessing them, particularly with the ability of the airborne deposition device to extrude
material at height and the ability of the material to expand and fill cracks and voids.
The method would have a major impact on reducing all labour associated costs, risks
and time delays, most significantly the safety risk of people having to work at height,
with the potential for aerial robots to autonomously perform tasks currently requiring
dangerous scaffolding erection or abseiling. Logistical considerations concerning the
vertical transport of materials from ground-based vehicles would additionally be
mitigated.
It is further suggested that AAM would transform construction on challenging or
uneven terrain, where the use of heavy ground-based methods and machinery is
inherently problematic, a particular example applicable on a global scale being
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post-earthquake disaster reconstruction. Additionally, AAM offers scope for bespoke
design, as AM processes are liberated from the ground. On a construction scale project,
the opportunity to reduce material wastage, by only printing material specifically
required for the project, would be significant.
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4.3.6 Conclusions
An AAM polyurethane foam structural element, printed using aerial robots in flight,
would combine high density structural foam skins with low density internal insulating
foam and use 3D-printed temporary supporting material to contain freshly extruded
liquid, accelerating the exothermic foaming reaction and promoting high density cured
foam matrices. Rigid polyurethane foam possesses greater density at interfacial and
moulded boundary regions, where mixed liquid components have encountered cured,
solid matter whilst foaming. This inhomogeneity is more pronounced in low density,
high expanding foam and becomes less pronounced as foam density and polymer chain
cross-linking increases and anisotropic cell expansion decreases.
Although rigid polyurethane foam possesses greater density at interfacial regions, an
asset when loaded perpendicularly, interfaces are vulnerable to parallel loading and
consideration of this should inform architectural and structural design. The use of
rigid foam for AAM would be particularly suited to elevated applications, reducing the
requirement for dangerous work at height.
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4.4 Supplementary research
Further characterisation was carried out on the cured polyurethane foam material.
This content formed part of the polyurethane foam investigations, but was ultimately
omitted from the submitted journal manuscript contained in this chapter.
4.4.1 X-Ray Diffraction (XRD)
To determine the crystalline nature of the foam, wide angle XRD was carried out
using locked coupled scans on a Bruker D8-advance facility operating at 15 rpm with a
Vantec-1 Position Sensitive Detector (PSD), Cu Kα radiation, λ = 1.5418 Å and with a
40 kV, 40 mA generator. The X-ray scattering angle measurements, 2θ, were between
4° and 60° and used a step size of 0.02 and a time per step of 1 second. Powdered
samples were ground from cured foam material.
The XRD patterns, with normalised intensity values, are shown in Figure 4-13. The
patterns for Reprocell 500 and Reprocell 300 are very similar, with the normalised
LD40 pattern displaying less intensity below 2θ ≈19°and greater intensity above 2θ
≈23°. The peaks shown in the XRD pattern are broad, showing a material of low
crystallinity. However, visible peaks at 2θ ≈13°, 2θ ≈19° and 2θ ≈43° do show a
degree of crystallinity in all three foams. The XRD data shows that the maximum
peak occurs at 2θ ≈19°. These results are in agreement with X-ray diffraction studies

























Figure 4-13: X-Ray Diffraction results for powdered samples of the cured polyurethane
foams.
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4.4.2 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR tests were conducted to analyse and confirm chemical properties. Cured samples
from test specimens and liquid components were examined using a Perkin Elmer
Frontier instrument with a diamond Attenuated Total Reflectance head. The resolution
was 2 cm−1 and the wave number parameters ranged between 600 cm−1 - 4000 cm−1.
Figure 4-14 shows normalised FTIR results for both the three resin diol liquid
components (a), di-isocyanate liquid component (b) along with samples of the three
cured foams (c). Bands at 3300 cm−1 - 3330 cm−1 can be attributed to hydrogen
bonded N-H groups of urethane linkages whereas the small bands at 3394 cm−1 are
the stretching of free N-H groups (Kaushik, Ahuja and Salwani, 2011). The varying
bands at 1710 cm−1 (Figure 4-14c) show the urethane carbonyl C=O (Kaushik, Ahuja
and Salwani, 2011), characteristic of the isocyanate functional group and confirm the
presence of urethane linkages (Chiono et al., 2014). The medium intensity symmetrical
bands at 1600 cm−1 (Figure 5c) show the urea carbonyl C=O (Kaushik, Ahuja and
Salwani, 2011). This band, identical for all three cured foams, shows that urea does
not impact upon the properties of the differing foams.
Prominent bands at 2270 cm−1 represent the stretching of the –N=C=O isocyanate
group (Maji, Das and Bhowmick, 2010). This band is much less pronounced in the
low density LD40 cured sample (Figure 4-14c) compared to the high density Reprocell
cured samples. Bands observed at 2930 cm−1 – 2870 cm−1 are indicative of the CH2
asymmetric and symmetric stretching vibrations (Kaushik, Ahuja and Salwani, 2011);
the band is less defined in the LD40 sample. Bands at 1510 cm−1 – 1520 cm−1
represent the combined activity of C-N stretching and N-H bending vibrations (amide
2) (citekaushik2011, citechiono2014). Bands at 1410 cm−1 relate to isocyanurates
(Kaushik, Ahuja and Salwani, 2011), which can result from isocyanates reacting with
each other. Major bands at 1220 cm−1 indicate combined C-N and C-O stretching and
bands at 1075 cm−1 indicate C-O stretching (Maji, Das and Bhowmick, 2010). Bands
at 3430 cm−1 show the OH hydroxyl group (Hekmatjoo et al., 2015) for all three resins.
Collectively, the observed FTIR bands confirm the urethane and urea content of the
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The transition from polyurethane foam to
cementitious material
5.1 Commentary text
Contained in this chapter is content from two conference papers, which were
accompanied by oral presentations at the Young Researchers Forum 2018, held at
Northumbria University in conjunction with the Institute of Materials, Minerals and
Mining (IOM3) and the 37th Cement and Concrete Science conference held at UCL,
UK in September 2017. The papers were published in the conference proceedings, with
copyright retained by the author.
This chapter details the final experiments conducted upon polyurethane foam for this
PhD. Three micro-particles with differing micro-structures were identified as being
potentially suitable to add to freshly mixed foam, with a view to increasing viscosity
prior to curing and minimising lateral deformation following extrusion. However,
the paper demonstrates that the addition of micro-particles encourages the foaming
reaction, reduces density and compressive strength, while also making no significant
contribution to rheological modification of the fresh material.
The chapter also covers initial experiments involving simple cement pastes suitable
for aerial additive manufacturing and determination of suitable water/binder ratios
and plasticiser quantities appropriate for a miniature deposition device, along with
the effectiveness of an accelerating agent. The paper demonstrated that cementitious
material was suitable for formwork-free extrusion, with mixes deforming far less than
fresh polyurethane foam following deposition. The remainder of the PhD study
therefore focuses on cementitious material and builds upon this paper by investigating
a wide range of additives, admixtures and the suitability of fine aggregates.
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Following this period of experimentation, it was decided by the whole project team
to write a major collaborative journal paper to formally announce aerial additive
manufacturing with cementitious material and detail printing experiments involving
the drones. The resulting collaborative paper "Aerial additive manufacturing: 3D
Printing with multiple autonomous aerial robots" is included in appendix A - with this
author’s contributed content comprising chapter 8 - and is currently under review by
Nature.
Therefore, regarding further individual papers written by members of the wider project
team, it was decided by project members to either wait until after the collaborative
paper had been published before submitting (the remaining journal papers in this thesis
adhere to this), or submit without explicitly mentioning 3D-printing with drones (which
was adhered to with the published conference papers comprising chapter 9). This was
in order to maximise the published impact of the major collaborative paper.
Note: At this stage, the project was still referred to as aerial additive building
manufacturing; this is reflected in the text of this chapter.
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5.3.1 Abstract
This chapter describes and evaluates cementitious paste and polyurethane foam
materials intended for the first aerial additive building manufacturing system,
developed to create and repair civil engineering structures in-situ using materials 3D
extrusion-printed by unmanned aerial vehicles (UAV). High density polyurethane foam
possesses sufficient strength and density to be a viable structural material; however,
the fresh properties of the material following mixing of components present a challenge
as the material exhibits lateral expansion and excessive deformation prior to curing.
Micro-particles were added to high density foam to investigate the modification of
rheological properties while fresh, and effects upon cured properties. Particles promoted
the foaming reaction, reducing density, strength and structural viability. Cementitious
pastes were created to determine their suitability for a miniature powered deposition
device light enough to be carried by a UAV. Mixes of varying water/cement ratio and
plasticiser content, along with admixtures, were manufactured and the curing of the
pastes was monitored using a cone penetrometer. Results suggest a water/cement
ratio of 0.33 with 1.5% plasticiser by weight of cement added is more suitable than
polyurethane foam. The deposition device successfully imported and extruded workable
cementitious paste, demonstrating the feasibility of cementitious pastes for autonomous
3D extrusion-printing with UAVs.
Abbreviations
ABM Additive Building Manufacturing
AM Additive Manufacturing
EW Excessive Workability





Keywords: Additive manufacturing, unmanned aerial vehicles, deposition device,
plasticiser, accelerator, cone penetration, polyurethane foam, micro-particles.
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5.3.2 Introduction and Review
The fused deposition modelling (FDM) method of additive manufacturing (AM), better
known as 3D printing, involves the deposition of suitable material through a nozzle on
to a surface to create an object, or structure, one layer at a time (Buswell et al.,
2007). The aerial additive building manufacturing (ABM) project is researching
a construction system of coordinated, swarming UAVs, each carrying a lightweight
3D extrusion-printing device, depositing a material with a suitable combination of
workability and buildability to create or repair structures in-situ (Aerial Additive
Manufacturing, 2016). The feasibility of UAVs being able to 3D print polyurethane
foam during controlled flight has been demonstrated by the aerial robotics laboratory
of Imperial College, London (Hunt et al., 2014).
Traditionally, the construction industry has extensively used subtractive or formative
building methods (Buswell et al., 2007). Additive Manufacturing (AM) can offer
advantages over traditional practise. By building layer by layer, only the material
specifically required is deposited, thus reducing wastage. Less labour is required,
reducing costs, delays and the risk of accidents.
Low density polyurethane foam has long been established in the construction industry
as an insulating material (Widya and Macosko, 2005), whereas medium and high
density foams typically fulfil applications including substitute timber in mantelpieces,
balustrades and theatrical prop design (medium density) and deep sea buoyancy
applications (high density) (Isothane Ltd., 2016b). To the authors’ knowledge, high
density foam has not been used as a structural material in construction, neither has it
been applied to FDM applications. High density polyurethane foam has been shown
to possess structurally viable compressive strength (Dams et al., 2017a). However, in
common with lower density foam, while in the fresh liquid state the material excessively
deforms laterally when extruded on to a free surface.
Current research into 3D printing cementitious materials involves ground based systems
(Lim et al., 2012; Kreiger et al., 2015; Bos et al., 2016). Primary characteristics of
wet cementitious material have been identified: ‘pumpability’ - the ease of material
movement through a deposition system, ‘extrudability’, (or ‘printability’) - the level
of ease and reliability with which a material may be deposited through a nozzle,
‘buildability’ - the ability of wet extruded material to resist deformation under load
(a term describing the extent to which layers can support themselves and subsequent
layers) and ‘open time’ - the time period within which the above three properties remain
consistent (Lim et al., 2012; Le et al., 2012).
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In this study, the term ‘workability’ will be taken to encompass pumpability and
extrudability and will define the ability of a material to pass through the deposition
device. There is a trade-off between workability and buildability (Labonnote et al.,
2016). To achieve a balance between workability and buildability, a plasticiser can
facilitate a lower water/cement (w/c) ratio, thus increasing early age strength and
prolonging workability.
This chapter focuses upon the modification of polyurethane foam using micro-particles
and the effects upon fresh and cured properties, along with the initial stage of the
aerial ABM project cementitious material investigations with the formulation of simple
cement pastes. Results are evaluated and the way forward is decided upon.
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5.3.3 Polyurethane foam
Three types of polyurethane foam have been investigated - low density LD40 (Isothane
Ltd., 2016a), medium density Reprocell 300 and high density Reprocell 500 (Isothane
Ltd., 2016b). The foams consist of two liquid components, a polyol resin and an
isocyanate hardening agent (Alaa, Yusoh and Hasany, 2015), with the resulting rigid
foam a product of polymerisation as two isocyanate groups per molecule chemically
react with the polyol (Trovati et al., 2010). The mixing ratio was 1:1 by volume for all
three foams.
A miniature dual-syringe deposition device, shown in Figure 5-1, was developed to
draw up the liquid components and extrude them through an 8 mm diameter opening
drilled into the concentric luer lock of the syringes, then through a silicon tubing
configuration attached to the syringes which contained a static mixer. The device used
a 6 V DC brushed motor. The plungers of the 60 ml capacity syringes were actuated
simultaneously by a 3 mm diameter leadscrew mechanism, translating the motor’s shaft







Figure 5-1: Dual luer-lock syringe deposition device. a) 60 ml capacity syringes. b) 6
V motor. c) silicone tubing. d) 2-to-1 connector. e) static mixer.
Mixed material was deposited into moulds to make prismatic specimens which were
subjected to mechanical tests – compressive, flexural and tensile - using a 50 kN Instron
Universal 2630-120/305632 to ascertain the structural potential of the material (shown
in Figure 5-2). While LD40 quickly showed itself to be a material more suited to
insulative rather than structural purposes, high density Reprocell 500 specimens showed
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the material possessing structural potential, with compressive strengths at 0.1% strain
in excess of 40 MPa, and on occasions exceeding 60 MPa (Dams et al., 2017a). Reprocell
500 also possessed flexural strengths comparable to the lower range of timber, around
25 MPa, but failed in a sudden, brittle manner. This was in contrast to LD40 which
failed in a ductile manner. Reprocell 300 also failed in a brittle manner but compressive
strengths were below 20 MPa, therefore Reprocell 500 is the most suitable material for
further investigation (Dams et al., 2017a).
a b
25mm 25mm
Figure 5-2: Reprocell 500 specimens, undergoing a) flexural and b) tensile tests.
An investigation of the ability of micro-particles to increase the viscosity of freshly
mixed Reprocell 500 foam while still in a liquid state was undertaken. Specimens
were manufactured by hand to assess the impact of the added particles upon the
properties of the cured, rigid foam. The Reprocell 500 liquid components were heated
to a temperature of 35°C ±5°C and, once added together, required consistent stirring
to produce a creamy consistency at 30 seconds ±10 seconds – this was due to the
isocyanate and polyol resin not initially being fully miscible. At ≈90 seconds, the
light honey-coloured cream liquid reduced in viscosity as the polymerisation process
began. This resulted in an exothermic reaction measured as being in excess of 100°C.
Expansion occurred at 135 seconds, with the isocyanate reacting with the water in
the polyol resin. Pouring into containing moulds took place between 140 seconds and
160 seconds and full solidification occurred at 180 seconds. The moulds had been
pre-treated with Macsil release agent to prevent the cured specimens bonding with the
mould walls.
The three micro-particle materials added to the Reprocell 500 foam were glasscell
(rounded particles), silicell (sub-angular to angular particles) and treecell (elongated
fibres). Figure 5-3 shows the contrasting micro-structures of these particles imaged
at x130 magnification using a JEOL SEM6480LV Scanning Electron Microscope. All
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Figure 5-3: SEM images showing the contrasting micro-structure of the particulate
additives: a) glasscell, b) silicell and c) treecell. Images were taken at x130
magnification.
Figure 5-4 shows the compressive strengths (tested to the standards BS EN ISO
844:2014) in addition to the flexural (BS 4370-4: 1991) and tensile (BS ISO 1926:2009)
strengths of Reprocell 500 specimens in comparison to those with the added particles.
Coefficients of variation range from 2% - 20% with the exception of Silicell flexural
strength (a high 47%), Glasscell tensile strength (23%) and Treecell tensile strength
(a high 35%). It can be uniformly seen in Figure 5-4 that strength and cured density
is significantly reduced, even halved, by the addition of all three types of particles.
Effectively, the addition of these three particles transformed high density Reprocell 500
into a material being closer to medium density Reprocell 300, therefore compromising
the structural potential of the material.
Deposition of the mixed liquid components of Reprocell 500 on to a free surface using
the dual-syringe deposition device resulted in erratic lateral expansion due to the low
viscosity of the liquid and subsequent vertical expansion of 1.4:1 during the foaming
process. This increased to 3:1 with the addition of glasscell, silicell and treecell particles,
demonstrating further the foaming reaction accelerating properties of the particles and


































Reprocell 500 with micro-particle added
Compression Flexure Tension Density
Figure 5-4: Reprocell 500 compressive, flexural and tensile strengths (primary vertical
axis) and cured density (secondary axis). Error bars denote the standard deviation
values.
compared to the 180 seconds achieved using hand mixing in a container. It is reasoned
that further investigation concerning high density polyurethane foam should centre
upon either foaming retardation or the possibility of introducing temporary 3D printed
supporting material. This could act as a containing formwork while the mixed liquid
components cure and be removed once the foam has solidified.
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5.3.4 Cementitious pastes
The deposition device developed for use with polyurethane foam was also used for the
preliminary experimental phase involving cement pastes. The system of silicon tubes
and static mixers were not used for cementitious material.
5.3.4.1 Materials and methodology
This study encompasses the following experimental phases:
• Determination of a workable cement paste mix suitable for a miniature
autonomous deposition device, combining the variables of water/cement (w/c)
ratio and superplasticiser % by weight (wt.) of cement. No aggregate was used.
• Cone penetrometer tests to determine the time period in which the paste remains
fully workable (‘open time’). The effects of an accelerating admixture and the
requirement for retardation were assessed.
• Compressive and flexural tests of the most appropriate cured cementitious paste
mix.
The materials used were Dragon Alfa CEM I 42.5 R Portland cement with a
particle size of 5 - 30 µm and bulk density 900 - 1500 kg/m3, MasterGlenium ACE
499 polycarboxylate ether-based superplasticiser and a laboratory-made accelerating
solution consisting of 1:1 aluminium lactate and diethanolamine. The CEM I chemical
composition was determined by Rietveld quantitative phase analysis and is shown in
Table 5.1.
Table 5.1: Rietveld quantitative phase analysis of the chemical composition of Dragon
Alfa CEM I 42.5 R Portland cement shown as a percentage by weight.
CEM I Phase % by wt.
Dicalcium silicate C2S 14.6
Tricalcium silicate C3S 71.5
Tricalcium aluminate C3A 7.27
Tetra-calcium aluminoferrite C4AF 4.46
Calcium sulphate phases 2.16
The deposition device shown in Figure 5-5 was developed for integration into a
3DR ArduCopter Quad UAV (Hunt et al., 2014; Dams et al., 2017a). The device
employed a miniature 6 V DC brushed motor with a 986:1 metal gearbox powered
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in this study by a PL155 Aim TTI bench supply. Dual syringes were designed to
accommodate liquid-component polymeric materials and both syringes’ plungers were
actuated simultaneously by a 3 mm diameter leadscrew mechanism which translated
the rotation of the motor’s shaft to linear motion. Currently, UAV carrying capacity is
0.6 kg – this accommodates two BD Plastipak 60 ml, 26 mm diameter barrel concentric
luer lock syringes replete with cement paste. An 8 mm opening, drilled into the luer






Figure 5-5: The autonomous syringe deposition device, suitable for carriage by an
UAV, and cone penetrometer equipment. a) 60 ml capacity luer loc syringes. b) 6
V DC motor casing and gearbox. c) automated extrusion of cementitious material
through the 8 mm diameter circular nozzle. d) Cone penetrometer VJ Tech 0808.
The deposition device was tested with a range of cementitious mixes, in which the
variables of w/c ratio and added superplasticiser were altered in the range of 0.31 -
0.41 and 0% - 2.5% by weight (wt.) of cement respectively. Water and superplasticiser
were added to CEM I powder and mixed manually for a period of sixty seconds until
a homogeneous paste was attained. The water temperature for the tests was 16°C
±0.5°C and the laboratory temperature was 20°C ±2°C during the experimentation.
The most suitable cement paste mix for the deposition device was then tested using
a cone penetrometer to assess the effects of acceleration (Figure 5-5d). Three
concentrations of the aluminium lactate - diethanolamine accelerating solution were
used - 0.10%, 0.15% and 0.20% by weight of cement along with a ’control’ mix which
did not contain accelerating solution. The cone penetrometer used was a VJ Tech
0808 manual model, which has a 30 g, 30° angle cone, a 25 x 0.01 mm dial gauge and
conforms to British Standards BS1377-2. Three measurements were taken of each of
the four mixes over time increments of 0.1, 1, 3, 5, 8, 10 and 15 minutes following
mixing, with the mean results illustrated in Figure 5-6.
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Strength tests were conducted on a 50 kN Instron Universal 2630-120/305632 machine.
Specimens consisted of the most appropriate mix for deposition device workability. 18
mm diameter x 37 mm high compressive specimens were manufactured by hand-mixing
a large quantity of paste and pouring into cylindrical moulds. Specimens were created
in two batches: batch 1 consisted of just the cementitious paste mix and batch 2 added
0.15% (by wt. of cement) accelerator to the mix. Compressive strength was tested at
1, 7 and 28 days. For both batches on all days, six specimens were tested to failure
and the mean strength was calculated. Cylindrical flexural strength test specimens
were autonomously drawn-up and extruded through the 8 mm nozzle to a length of
70 mm ±5 mm and tested in three-point bending with cylindrical supports placed 55
mm apart at the centre. Flexural strength was tested at 28 days. The time taken and
current required to draw-up and extrude the paste was monitored.
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5.3.4.2 Results and Discussion
The results of the workability of the w/c ratio and superplasticiser test mixes used
with the syringe deposition device are shown in Table 5.2. Mixes aimed to minimise
the w/c ratio to improve strength, without using excessive superplasticiser, thus risking
filament deformation (Le et al., 2012). Based upon this and the ease of extrusion, a
w/c ratio of 0.33 with a superplasticiser dosage of 1.5% by wt. of cement (signified in
bold within Table 5.2) was selected as the most appropriate mix for an 8 mm diameter
nozzle syringe powered by the deposition device.
Table 5.2: Experimental matrix showing water/cement ratio and superplasticiser by
% weight of cement. Workability is defined as the ability of the material to pass
through the deposition device. Buildability is defined by the ability of the material
to retain self weight and resist deformation due to subsequent layers extruded on top
post-deposition. Key: GW = Good Workability, successful draw-up and extrusion
by the deposition device. EW = Excessive Workability, too runny and an absence of
strength upon deposition leading to excessive deformation. LW = Low Workability,
material would not flow or experienced segregation of water and cement in the syringe.
- = mix design deemed unsuitable and not attempted.
w/c ratio superplasticiser: % weight of cement0 1.0 1.5 2.0 2.5
0.31 - - - - LW
0.32 - - LW GW GW
0.33 - - GW - -
0.34 - - EW EW -
0.38 - LW - EW -
0.39 - GW - - -
0.40 GW - - - -
0.41 EW - - - -
By maintaining 5.95 V on the syringe deposition device power supply, it required 18
minutes to draw up 60 ml of cement paste and 18 minutes to extrude. During this time,
suitable cement paste mixes maintained pumpability and extrudability. The required
current was 28 mA ±8 mA, resulting in a power requirement ≈0.17 watts to draw-up
and extrude 60 ml.
With the cone penetration tests, it was discovered that the optimal mix was still
workable at 60 minutes, but at 90 minutes workability was compromised to the extent
that the paste did not possess extrudability or pumpability. At 60 minutes, the cone
penetrated 16.1 mm, by 90 minutes penetration was 15.3 mm. Therefore, an average
of 15.7 mm was taken as a threshold for extrudability (Figure 5-6) which gives an open
time of 75 minutes – if the cone cannot penetrate deeper than this threshold, the paste
































Figure 5-6: Cone penetration of the 0.33 w/c ratio, 1.5% wt. of cement superplasticiser
mix with added 1:1 aluminium lactate and diethanolamine accelerator added during
manual mixing by 0.10%, 0.15% and 0.20% wt. of cement. The x-axis has a logarithmic
scale to show the full open time of the mix without acceleration.
It can be seen from Figure 5-6 that the 1:1 aluminium lactate and diethanolamine
solution is an effective accelerator and currently could not be used with the deposition
device in its current dual-syringe, single motor form due to compromised workability
taking place within one minute. However, there is scope to reduce the dosage or modify
the device, allowing independent control over each syringe. Modification would allow
the addition of accelerator to the paste immediately prior to extrusion, thus enhancing
buildability by rapid strength increase. This would enable support of self-weight and
the ability to support subsequent layers deposited in quick succession. As the paste,
without accelerator, has an open time in excess of an hour, there is no immediate
requirement for retarding admixtures.
The compressive strengths of 18 mm diameter x 37 mm cylindrical specimens are
shown in Figure 5-7. The aluminium lactate and diethanolamine accelerating solution
increased the strength of the paste at 1 day and 7 days. By 28 days, the specimens
without the added accelerator ultimately proved stronger, but the compressive strength
of the accelerated specimens remained in excess of 40 MPa. Coefficients of variation
ranged from 4% (7 days with accelerator) to 18% (7 days, no accelerator). The mean
flexural strength of the syringe-extruded, non-accelerated specimens tested at 28 days
was 2.75 MPa. The compressive and flexural strength of the cementitious paste was




























With 0.15% wt. Accelerator No Accelerator
Figure 5-7: Compressive strength of the most suitable cement mix from Table 5.2, with
and without aluminium lactate-diethanolamine accelerator, at intervals of 1, 7 and 28
days. Error bars show the standard deviation.
The strengths demonstrate that a cement paste, suitable for an autonomous extrusion
device, is viable as a structural material. In common with unreinforced concrete,
failure in flexure is brittle. Therefore, to explore the material further as a homogeneous
3D-printable material would involve adding fibres to the paste, introducing ductility and
further improving tensile properties. Polypropylene, alkali-resistant glass and polyvinyl
alcohol fibres will be investigated by the authors. Additionally, the buildability of the
paste would be enhanced with the addition of fine aggregate.
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5.3.5 Conclusions
Cured high density polyurethane foam is potentially a structural material. However,
fresh foam in the liquid phase is challenging for AM deposition. The addition of
particles, with differing micro-structures, resulted in an acceleration of the foaming
reaction, thus reducing density and compressive, flexural and tensile strengths. Further
work with foam should investigate foaming retardation or the feasibility of 3D-printed
supporting material as temporary formwork to contain fresh material.
The most suitable cementitious paste mix in this study for the autonomous syringe
deposition device, without aggregate, was 0.33 w/c ratio and 1.5% (wt. of
cement) superplasticiser. This mix possessed an open time of approximately 75
minutes, therefore a retarding admixture was not required. Aluminium lactate and
diethanolamine form a potent accelerator.
Further investigation is necessary as early shear strength, before hardening by
hydration, will provide buildability and reduce the time required between layer
depositions. Future work will encompass rheological tests of the cementitious paste
and development of buildability. Cementitious mortars require rheological modifying
constituents to mitigate constituent segregation.
It is envisaged that using a combined investigative approach of foaming agents,
a reduced sand/binder ratio and rheological modifiers will result in a workable,
sufficiently buildable mix suitable for ABM using miniature deposition equipment.
The balance between workability and buildability is central to the success of extruded
material. Work will encompass assessment of the impact of additives and admixtures
upon water/binder ratios and cured mechanical properties. Flexural failure was brittle
– investigation into the addition of fibres to provide ductility will progress the realisation
of a paste suitable for AM purposes.
Based upon this study, it is therefore concluded that material development for the aerial
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Development of cementitious mortars for aerial additive
manufacturing
6.1 Commentary text
The journal paper in this chapter introduces the use of fine aggregate, admixtures and
additives such as silica fume, pulverised fuel ash (PFA) and Limex. Additionally, a
first investigation into rheology modifying admixtures (RMA) is undertaken, with the
use of polyol resin to improve the workability of the fresh material.
The term ’aerial additive manufacturing’, is used in this paper to refer to the project.
Drones are termed ’unmanned aerial vehicles’ (UAV), which is the preferred term of
this author. The emphasis in this paper was on buildability and the printing of defined
layers of material. Mixes were designed for the 60 ml syringe deposition device and
were tested with the material being both drawn-up and extruded through the nozzle
of the syringe.
It was noted in this chapter that polyol resin, serving as an RMA, reduced compressive
strength in comparison to mixes containing silica fume and limeX70, constituents which
promoted buildability. However, the polyol resin mix influenced the future direction
of the research - using RMAs to enhance mix workability, while retaining sufficient
buildability to be able to print in defined layers and remaining structurally viable in
compressive strength.
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6.3.1 Abstract
Additive Manufacturing (AM) methods in the construction industry currently employ
ground-based methods, for example large gantries or robotic arms with multiple
degrees of freedom. A solution to transforming the role of AM in construction
is to introduce an aerial capability to the process. Aerial additive manufacturing
(AAM), the first AM system to use unmanned aerial vehicles (UAVs) to 3D-print
cementitious materials during controlled flight, is under development. An autonomous
aerial system repairing and creating structures would significantly minimise the
requirement for working at height, thus reducing safety risks and release AM from
existing ground-based constraints. This paper investigates the development of suitably
viscous cementitious mortars that do not require formwork or 3D-printed supporting
material. To assess workability and buildability, a robotic arm representing UAV
movement in three-dimensional space moved a lightweight deposition device along
programmed trajectories to extrude multiple layers in elevation. Fine aggregate and
fibres contributed to buildability but detracted from workability, and rheological tests
revealed mortars with a suitable workability-buildability balance possessed a Complex
modulus of 3 - 6 MPa. Mechanical tests showed that resistance to deformation
and buildability positively correlate. However, workability is considered the primary
parameter for AAM due to the need to transport viscous material through a miniature
deposition device with minimal torque. The study demonstrates that structural
cementitious material can be processed by a device light enough to be carried by a
UAV to produce an unsupported, coherent multiple-layered object in-situ.
134
Abbreviations
AAM Aerial Additive Manufacturing
AM Additive Manufacturing
CH Calcium Hydroxide
C-S-H Calcium Silicate Hydrate





PFA Pulverised Fuel Ash (fly ash)
RMA Rheological Modifying Admixture
δ Phase Angle




The construction industry has traditionally used slow and energy-intensive methods to
build structures (Keating et al., 2017), often using formative or subtractive techniques
(Buswell et al., 2007) with the latter approach involving the machining of a bulk
quantity of material down to a required dimension (Kietzmann, Pitt and Berthon,
2015). By contrast, additive manufacturing (AM) creates objects by depositing one
layer of material at a time (Kalsoom, Nesterenko and Paull, 2016), using only the
specific amount of material required.
The use of AM in the construction industry, a sector regarded as traditionally
fragmented, risk-averse (Arora et al., 2014) and having low levels of innovation (Wu,
Wang and Wang, 2016), is still in its infancy (Agustí-Juan et al., 2017). AM offers
considerable benefits to the construction industry by reducing material wastage, labour
costs and delays resulting from health and safety-related issues along with increasing
the scope for bespoke architecture and design (Lim et al., 2012). Initial project outlays
on machinery and materials can be high, but these costs can be mitigated by integrating
the 3D printing of services and structural elements (Buswell et al., 2007).
AM techniques currently under investigation in the construction industry involve either
large ground-based, fixed position approaches such as frames (Buswell et al., 2007; Lim
et al., 2012; Le et al., 2012b), rotating compound arm systems (Keating et al., 2017),
robotic frames moving upon dual rails either side of the printing envelope (Zhang and
Khoshnevis, 2013) or the use of autonomous mobile coordinated, grounded robots using
simultaneous localisation and mapping algorithms (White, Alhasan and Vennapusa,
2015). The dimensions and design of the buildings are restricted by the size and
manoeuvrability of the deposition instruments.
Ground-based research projects have included the concrete printing method developed
at the University of Loughborough, UK (Lim et al., 2012; Le et al., 2012), contour
crafting, developed at the University of Southern California, USA (Khoshnevis et al.,
2006; Zhang and Khoshnevis, 2013), the digital construction platform project being
developed at the Massachusetts Institute of Technology, USA (Keating et al., 2017)
and D-shape printing, created by Enrico Dini and D-shape Enterprises (Labonnote
et al., 2016).
Concrete printing and contour crafting are based upon the AM principle of fused
deposition modelling (FDM), where suitably viscous materials such as thermoplastic
polymers (Hambach and Volkmer, 2017), mortars and concretes can be extruded
through a nozzle and deposited one layer at a time to create a solidifying object or
structure (Buswell et al., 2007). In contrast, the D-shape printing method deposits a
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binding agent in the shape of the required element into a bed of powdered material,
causing the powder to solidify.
The aerial additive manufacturing (AAM) project is investigating a new, transformative
approach to the autonomous construction of buildings using unmanned aerial vehicles
(UAVs) to deposit materials of suitable viscosity to create or repair structures in-situ
(Hunt et al., 2014; Dams et al., 2017a).
UAVs have become established in numerous sectors including military, civilian and
emergency services (Feron and Johnson, 2008). The use of aerial robots in the
construction industry has grown to the extent that the industry is now a leading sector
in aerial robotic use (Drones Direct, 2017). However, the applications typically deal
with topographical surveillance, building inspection and data gathering to assist cost
estimations (Dillow, 2016), rather than the AM construction or repair of a building
in-situ.
An aerial approach is intended to free AM from ground-based design and logistical
constraints, and is designed to be particularly effective in reducing safety risks and costs
when confronted by elevated, hostile or inaccessible environments (Dams et al., 2017a)
which present human hazards or topography challenging for ground-based methods.
Examples include post-natural, or man-made, disaster reconstruction and working at
height on projects such as bridges and stadia, an inherently dangerous task with falls
from height causing over a third of construction industry fatalities (OSHA, 2015) and
scaffolding related operations being a leading cause of falls (Nadhim et al., 2016).
FDM is a suitable principle for AAM and the feasibility of UAVs 3D extrusion-printing
polyurethane foam during controlled flight has been demonstrated (Hunt et al., 2014).
A miniature syringe-based deposition device, light enough to be carried by an aerial
robot and capable of drawing up and extruding high viscosity liquids, has been
developed for horizontal attachment to the base of a UAV (Dams et al., 2017a). This
study modifies the miniature deposition device in order to investigate cementitious
mortars and pastes suitable for AAM.
In addition to layer adhesion, the following parameters have been identified as being
important for fresh, wet cementitious materials in AM processing: ‘pumpability’ (the
ease and consistency at which a material may flow through a deposition device),
‘extrudability’ (the ability of the material to be deposited through a nozzle), ‘open time’
(the duration of time in which material properties remain within the range required for
printing, prior to full curing) and ‘buildability’ (a measure of how wet, freshly extruded
material resists deformation under loading) (Lim et al., 2012).
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In the context of AM, buildability may be further defined as a term describing the
ability possessed by a freshly deposited filament to both support its own self-weight
and support the weight of subsequently deposited layers. Pumpability and extrudability
will be dealt with in this study by encompassing the parameters into the general term
‘workability’.
Crucial to the success of a material developed for AM is the recognition of the
trade-off between buildability and workability (Labonnote et al., 2016). A desirable
balance encompassing both qualities in the chosen material is sought. A plasticiser
is an important admixture in this respect, allowing a reduction in the water/binder
ratio (thus improving strength and buildability), while aiding workability (Le et al.,
2012). Mixes with high workability have lower stiffness and lower initial strength (thus
reducing buildability), but encourage greater cohesion between layers by maintaining
a chemically active surface longer, promoting interfacial bonding where properties are
closer to bulk material (Bos et al., 2016).
This paper demonstrates that an accelerator-free, rheologically suitable mortar mix
with a suitable open time can be drawn up and deposited in a fresh state by a miniature
extrusion system without the requirement for formwork or 3D-printed supporting
material. The properties of pastes and mortars immediately following extrusion are
critical (Lim et al., 2012) and the rigidity of the freshly extruded filament is a primary
factor in buildability (Bos et al., 2016). The trade-off between the ability of the mixes
to be drawn up and extruded by the deposition device through a nozzle (workability)
and the capability of the material to support self-weight and the weight of subsequent
layers (buildability) is evaluated in the laboratory using multiple layer extrusion by
a robot arm, representing the movement of UAVs in 3D space and quantified with
rheological tests.
Calorimetry tests assessed how different constituents affected the rate of heat generated
during the hydration reactions of fresh mortar mixes. 28-day specimens of the mixes
were subjected to compressive, flexural and creep tests to assess how the differing
constituents influenced mechanical strength and resistance to long term deformation.
The project highlights how an aerial approach using the fresh properties and open
time of mortar, transported through miniature deposition equipment with light
plastic components, contrasts significantly with existing heavy ground-based deposition
systems using large extrusion pumps and mixers, metallic components and the addition
of accelerating admixtures prior to deposition.
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6.3.3 Experimental methodology
Four mortar mixes and one cement paste mix were formulated and manufactured.
Workability was defined by the ability of the material to be drawn up and extruded
using the deposition device. Electrical power requirements for the deposition device
to process the mixes were also monitored. Buildability was judged on the ability of
an extruded layer of fresh material to retain form and shape following deposition on
to a level, free surface at room temperature and whether the layer could support the
weight of multiple subsequent layers of the same mix without excessive deformation.
The mixes were further judged on their ability to perform as a structural material by
mechanical tests at 28-day strength.
6.3.3.1 The deposition device
The syringe-based deposition device used in this study is shown in Figure 6-1. A
similar dual-syringe device with additional silicon tubing and a static mixer has already
demonstrated the feasibility of drawing up and extruding polyurethane foam liquid
components for AAM (Dams et al., 2017a). For the development of mortar mixes
in this study, the deposition device design consists of a single BD Plastipak 60 ml
concentric luer lock syringe with a 29.4 mm external diameter barrel.
The device was powered by a PL 155 Aim TTI bench supply and had a miniature
6 V DC brushed motor with a 298:1 micro metal gearmotor running gears at 100
revolutions per minute and using 494 Nmm torque. The syringes plunger was actuated
by a 3 mm diameter leadscrew, translating the motor shaft’s rotation to linear motion
(Dams et al., 2017a). The quadcopter UAVs being developed for AAM have a carrying
capacity in excess of 600 g, therefore the device is light enough to be carried while full
of material.
The luer lock was removed from the tip of the syringe and an 8 mm hole drilled in its
place to form a nozzle flush with the base of the syringe. The deposition device was
kept stationary when drawing up the mortar using a retort stand and clamp. Motor
voltage was maintained at 5.95 V, allowing the current to vary during the drawing up
and extrusion of mortar. Syringe dimensions and current requirements facilitated the









Figure 6-1: The miniature deposition device, kept stationary with a retort stand and
clamp. a) 60 ml syringe. b) 6 V DC brushed motor. c) 3 mm diameter leadscrew. d)
plunger. e) constraining tie cables. f) 8 mm diameter nozzle drilled into the syringe
base. g) cement paste being drawn up by the device.
6.3.3.2 Cementitious mix constituents
The workability and buildability of the fresh mixes were assessed by determining
whether it was possible to draw-up and deposit eight cohesive 50 mm diameter circular
layers on to a level free surface, without supporting material, during a two hour
open-time period. Preliminary tests using a cone penetrometer on cementitious pastes
had revealed that workability becomes compromised beyond two hours (Dams et al.,
2017b).
This study used Dragon Alfa CEM I 42.5 R Portland cement with a particle size of
5 - 30 µm and bulk density 900 - 1500 kg/m3, as the base binding constituent. The
chemical composition of the CEM I, determined by Rietveld quantitative phase analysis,
is shown in Table 6.1.
The lignin-based plasticiser used was Adoflow ’S’. Binding additives were Cemex EN 450
N grade type-F pulverised fuel ash (PFA), with a bulk density 800 - 1000 kg/m3, particle
size: <45 µm, and silica fume supplied in powder form by FerroPem, France with a
bulk density of 200 kg/m3 and mean particle size of 0.2 µm. Fine aggregate consisted of
angular-particle sand (supplied by Jewsons, UK, product number AGSTB003), which
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Table 6.1: Rietveld quantitative phase analysis of the chemical composition of Dragon
Alfa CEM I 42.5 R Portland cement shown as a percentage by weight.
CEM I Phase % by wt.
Dicalcium silicate C2S 14.6
Tricalcium silicate C3S 71.5
Tricalcium aluminate C3A 7.27
Tetra-calcium aluminoferrite C4AF 4.46
Calcium sulphate phases 2.16
was kiln dried at a temperature of 105°C for a period of twenty four hours prior to
sieving and possessed a loose dry density of 1600 kg/m3. A further additive investigated
was limeX70, which is a by-product of the sugar beet industrial process and is typically
used for the correction of soil acidity in the agricultural industry (LimeX, 2017).
The particle size gradation of the sand (and limeX70) used is shown in Figure 6-2. To
facilitate an extrusion force through the 8 mm diameter of the syringe nozzle within
the capacity of the motor, the maximum size of sand particles was 2 mm. In addition,
12 mm long, 40 µm diameter polypropylene fibres were investigated, while a viscous
polyol resin, Isothane’s Reprocell 500, ≤2500 cP at 25°C environment temperature
(Dams et al., 2017a), was added to assess the effectiveness of modifying the rheological
properties of the fresh material and impact upon cured mechanical properties. During
the experimentation, the water temperature added to the mixes was 16.5°C ±1°C and



























Figure 6-2: Particle size gradation of the sand used as fine aggregate and limeX70.
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6.3.3.3 Cementitious mix specifications and manufacture
Mix proportions of the cement paste mix A and mortar mixes B - E formulated for
this study are shown in Table 6.2. Mix D had 1.2 kg/m3 of polypropylene fibres added.
The water/binder ratios used with the mixes were between 0.30 and 0.50. Mix A did
not contain fine aggregate or additives and acted as a suitably workable cement paste
(Dams et al., 2017b) for comparison purposes alongside the mortar mixes. Constituents
are shown in kg/m3 with the total fresh density of the mix indicated, along with the
% quantities of admixtures and sand/binder and water/binder ratios.
Table 6.2: Mix proportions of constituents for mixes A - E.
Constituent (kg/m3) Mix A Mix B Mix C Mix D Mix E
Sand - 566 701 880 625
LimeX70 - - - - 100
CEM1 1487 906 526 660 546
PFA - 227 105 132 117
Silica Fume - - 70.1 88.0 117
Plasticiser 22.3 17.0 7.01 8.80 7.80
Water 468 357 273 343 359
Polyol Resin (RMA) - - 70.1 - -
Polypropylene Fibres - - - 1.10 -
Total Density kg/m3 1978 2073 1753 2113 1871
Plasticiser % by wt. binder 1.50 1.50 1.00 1.00 1.00
Polyol Resin % by wt. binder - - 10.00 - -
Polypropylene Fibres kg/m3 - - - 1.20 -
Ratios Mix A Mix B Mix C Mix D Mix E
Sand/Binder - 0.50 1.00 1.00 0.93
Water/Binder 0.33 0.33 0.40 0.40 0.47
The pastes and mortars were created using the following method:
1. Once weighed, the binder, fine aggregate and additives were hand mixed and
transferred to the bowl of an automatic Savisto 800 Watt mixing device.
2. The water, plasticiser and polyol resin (if present) were then weighed, hand
mixed and poured into the bowl with an even distribution among the powdered
constituents. The mixing device possessed a steel beater revolving in planetary
motion.
3. Slow mixing was administered for an initial ten seconds followed by three thirty
second periods of 400 rpm mixing interspersed with manual gathering, thus
ensuring the resulting mixes possessed a suitable consistency.
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4. The material was transferred into a 600 ml plastic container and subjected to a
further thirty seconds of manual mixing.
5. Finally, the syringe of the autonomous deposition device was inserted into the
material and submerged by 10 mm to draw up the mixes (as shown in Figure 6-1).
6.3.3.4 The robot arm
The robot arm used in the study to hold and transport the syringe device during
autonomous deposition was a Dobot Magician model with four degrees of freedom, a
320 mm reach and a 500 g carrying capacity (close to the 600 g current capacity of
the quadcopter UAVs). The syringe device was fixed to the robot arm with a custom
designed 3D-printed syringe holder to facilitate unhindered movement of the arm in
the X (outwards and inwards), Y (left to right) and Z (vertical) planes as illustrated
in Figure 6-3. This also assisted detachment from and reattachment to the robot arm,
as the syringes required the refilling of material between layer printing.
Figure 6-3: Dobot Magician robot arm with attached syringe deposition device.
For each mix, 50 mm diameter circular layers were extruded centrally to the robot
arm field of operation. A plan view of the field of operation (within the semi-circular
boundaries), and circle as programmed into the Dobot Studio software V1.4.12, is
illustrated in Figure 6-4. The velocity of the robot arm was 2 mm/s. Therefore, a 50





Figure 6-4: Plan view schematic diagram of the field of robot arm operation showing
placement of the 50 mm diameter circular layer depositions.
6.3.3.5 Rheology
To assess whether a suitable balance between workability (defined as the ability of
the material to be drawn-up and extruded by the deposition device) and buildability
(the ability of the material to retain shape post-extrusion and be printed in multiple
cohesive layers) may be linked to quantifiable rheological data, oscillatory stress tests to
determine the Complex modulus G*, elastic-deformation component storage modulus
G’ and viscous-flow component loss modulus G” were carried out on the mortars for
two hours immediately following mixing using a TA Instruments DHR-2 rheometer.
Disposable aluminium smooth parallel plates with a 25 mm diameter upper geometry
and 40 mm lower plate were used with a geometry gap of 1000 µm. The
displacement-controlled oscillatory tests used a small angular velocity of 5.0 x 10−5
radians per second, ensuring the material stayed within the linear viscoelastic region.
Frequency was kept constant at 1 Hz (an angular frequency of 6.28 radians per second)
and a temperature of 25°C was maintained. The samples tested for each mix consisted
of material taken from the same batches created for the workability and buildability
tests with the deposition device.
6.3.3.6 Calorimetry
Calorimetric tests were conducted over a period of 48 hours to assess how the differing
constituents affected the heat evolution rate of the exothermic hydration reactions of
the mixes. 40 g samples of each mix were placed into sealed containers immediately
following mixing and inserted into the chambers of a Calormetrix I-Cal 4000 high
precision isothermal calorimeter linked with CalCommander v.1.67 software. The
temperature of the chambers was maintained at 20°C. Two samples of each mix were
tested, and the mean results were taken.
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6.3.3.7 Mechanical tests upon cured specimens
To assess the impact of the additives and admixtures upon strength, 28-day compressive
and flexural tests were conducted using a Mayes Dh 200 kN hydraulic test frame with
Instron WaveMatrix software. Three prismatic shaped test specimens 160 mm long x
40 mm wide x 40 mm high for each of the five mix designs were formed in steel moulds
lubricated with mineral oil, thus providing three flexural strength test specimens and
six compressive strength test specimens (broken half-prisms) for each mix. Specimens
were cured in a controlled environment for 28 days at a temperature of 20°C and
55% relative humidity prior to testing in accordance with the British standard BS EN
1015-11:1999 (BSI, 1999).
Deformation due to long term loading was evaluated over a period of 50 days using
18 mm diameter, 37 mm high cylindrical specimens of material. The specimens were
placed into a bespoke rig as shown in Figure 6-5, where a predetermined load was evenly
distributed over the full cross-sectional area of the cylinders. The rig was equipped
with eight Solartron LE12 linear displacement transducers, capable of reading to an
accuracy of 50 nm. Together with a Solartron USBIM Mk2 controller, the transducers
formed an Orbit 3 network powered by a Solartron PIM supplementary supply. Weights
of 1 kg were suspended from the lever arms yielding a mechanical advantage of
18. Displacement, temperature and humidity readings were taken concurrently at
five-minute intervals to assess the varying deformation and the impact of environmental








Figure 6-5: The creep rig with cylindrical mortar samples a) 1 kg weights suspended
from this location. b) lever arms. c) temperature and humidity sensor. d) solar orbit
linear encoders. e) pivots. f) circular platens. g) cylindrical samples of mixes A - E.
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6.3.4 Results
6.3.4.1 Workability and autonomous deposition device performance
The power and energy requirements for the deposition device are shown in Table 6.3
with an empty syringe in comparison with the mixes. To operate the deposition
device with cement paste mix A, the current required was 61 mA ± 5 mA and it
took 60 seconds to draw up, or extrude, 10 ml of cementitious paste. This increased
to 104 seconds per 10 ml for Mix D, which yielded a mean current during draw-up
and deposition of 84 mA ±15 mA. An 8 mm diameter nozzle produced a mean flow
velocity out of the syringe of 3.16 mm/s and resulted in a 200 mm line of material
being extruded per 10 ml of material in the syringe.
This was sufficient to produce a 50 mm diameter circular printed layer with a 157
mm circumference, theoretically requiring 7.9 ml of material to complete a layer.
Therefore, to produce one circular layer it took 79% of the time required to process 10
ml (Table 6.3, column 3). The 78.5 seconds per layer velocity of the robotic arm ensured
that it was not travelling too quickly for deposition device extrusion and enabled the
printing of a consistent bead of material.
Table 6.3: Performance of the deposition device showing power and energy requirements
for mixes A - E in comparison to an empty syringe. The time and energy transferred
values refer to 10 ml movement of the plunger in the syringe.
Mix Current Time Energy Power Energy transf.
(mA) (secs) (Joules) (Watts) (mWh)
Empty 58 58 20.0 0.345 5.56
A 61 60 21.8 0.363 6.05
B 79 76 35.8 0.470 9.95
C 58 62 21.4 0.345 5.94
D 84 104 52.0 0.500 14.44
E 74 61 26.9 0.440 7.46
The deposition device comfortably processed 20 ml of material for mixes A and C.
Mixes B, D and E were more challenging, with the device having difficulty in drawing
up 10 ml of mixes B and D. Mix D required 45% more power to process the material
than mix C, which in turn required only slightly more power to process than an empty
syringe.
Table 6.4 displays the workability and buildability classification for each mix along
with mix density and the number of layers the syringe device could process within the
two-hour open time period. The classifications reflect the performance of the material
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during processing. For example, mix A deformed irreparably upon the deposition of
the sixth layer (as shown in Figure 6-6), hence a poor buildability rating, whilst mixes
B and D performed well in terms of buildability, but possessed poor workability as
eight layers could not be printed due to the syringe device being unable to draw-up the
mortar after 45 minutes (mix D) and 60 minutes (mix B). Table 6.4 also reveals the
least workable mixes of B and D as possessing the highest density.
Table 6.4: Workability (the ability of the material to be processed by the deposition
device) and buildability (quality of defined circular layers extruded without excessive
deformation) visual classification for mixes A - E, with the fresh mix density shown
and number of layers the syringe device could draw up and deposit.
Mix Density (kg/m3) Workability Buildability Layers printed
A 1978 very good poor 6
B 2073 poor good 4
C 1753 very good good 8
D 2113 poor good 3
E 1871 good good 8
6.3.4.2 Buildability
Figure 6-6 shows the 50 mm diameter 3D-printed layered samples for each mix used
for the assessment of buildability. The extruded filaments could support subsequent
layers and self-weight with the exception of cementitious paste Mix A, which was not
able to effectively support subsequent layers and laterally deformed significantly during
the deposition of the sixth layer to the extent that no subsequent layers were possible,
hence a classification of poor buildability. The lower number of layers printed for mixes
B and D is a reflection of the poor workability and stiffness of the fresh material, with
the deposition device unable to process the material further rather than the inability
of the material to accept more layers. The polypropylene fibres of mix D are visible in
the extruded layers (Figure 6-6D).
6.3.4.3 Rheology
Figure 6-7 shows the Complex modulus G* of the mortar mixes along with the number
of layers printed by the deposition device on the secondary axis. Elastic deformation
was dominant in all mixes, confirming the mixes behaved in a more solid-like than
liquid-like manner. The mixes are sequenced with G* in ascending order and a
relationship between G* and the number of layers printed can be observed. The fibrous








Figure 6-6: The 50mm diameter circular layers of the extruded mixes: A (cement
paste), B (the introduction of fine aggregate), C (polyol resin), D (polypropylene fibres)
and E (LimeX70). Refer to Table 6.2 for the full mix constituent proportions and
Table 6.4 for mix densities.
mixes A (the cement paste) and C (with the polyol resin) possessed the lowest G* and
were the most workable mixes for the syringe device.
The rheological suitability of the mixes is suggested by the number of layers printed in
Figure 6-7. This is further depicted in Figure 6-8 to show the range of G* favourable
for a mortar mix possessing a good workability-buildability balance. Mortar mixes
possessing a G* of between 3 - 6 MPa can be considered suitable for the deposition
device used in this study.
The relationship of Complex modulus G* with both the power required and time
taken for the autonomous syringe device to draw-up 10 ml of mixed material is shown
in Figure 6-9. The positive correlation between G* and time on the scatter graph can
be observed as linear while G* and power can be observed as non-linear.
6.3.4.4 Calorimetry
Figure 6-10 shows the results of the calorimetric experiments recorded over a 48-hour
period immediately following mixing. Figure 6-10a shows the energy produced by the
hydration reaction per gram of material, while Figure 6-10b shows the rate of the
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Figure 6-7: Complex modulus G* for mortar mixes A - E, averaged over the open time
of two hours. Mixes are ordered left to right in order of ascending G*. G’ significantly
dominated over G” for all mixes. The number of layers printed is also indicated for
the mixes.
other mixes showing how the added constituents have, to varying extents, affected the
heat of the hydration reaction. This is most pronounced with mix C, which contains
polyol resin.
The initial high peak is primarily due to the rehydration of calcium sulphate
hemihydrate and the aluminate phases of Portland cement reacting (Domone and
Illston, 2010). The second peak observed between 9 - 13 hours is the result of the
reactions of the silicate phases forming calcium silicate hydrate (C-S-H), a prime phase
contributing to the mechanical properties of a cementitious material (Domone and
Illston, 2010).
6.3.4.5 Mechanical tests - Strength and Creep
The 28-day compressive and flexural strengths for mixes A - E are shown in Figure 6-11.
Specimens were tested to failure and the graph shows the mean results with upper and
lower bounds. Mix D performed well in mechanical tests and showed the highest
compressive strength, consistently in excess of 60 MPa and capable of rising above
70 MPa. Mix C, with the polyol resin achieved a lower compressive strength of just
below 30 MPa. Mix E, with the limeX70, remained competitive despite requiring a
significantly higher water/binder ratio of 0.47 for suitable workability. Coefficients of































Figure 6-8: The relationship between Complex modulus G* and the number of layers
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Figure 6-9: The relationship between Complex modulus G*, the power required to
process the mixes and time taken to draw up 10 ml of mixes A - E.
There is a direct positive correlation between compressive strength and density. For
mortar mixes B - E, it can be ascertained that as compressive strength increases,
workability decreases, with cement paste mix A an exception to this statement.
Flexural specimens exhibited variation in strength, with coefficients of variation ranging
from 8% (mix B) to 23% (mix D). Specimens failed in a sudden, brittle manner,
breaking into two. An exception to this was the fibrous Mix D, where specimens were
held together by the presence of the polypropylene fibres as shown in Figure 6-12b,
preventing them from fully breaking into two. This contrasts with Figure 6-12a, which
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Figure 6-10: Calorimetry experiments for mixes A - E showing a) the energy transferred
per gram of material and b) the rate of heat evolution per hour.
The results of the creep rig showing strain over a period of 50 days, along with
the recorded environmental variations in temperature and humidity, are shown in
Figure 6-13. Whilst there was minor difference in temperature, there was significant
variation in humidity and this has had a clear impact upon all samples, with a rise
in humidity corresponding with expansion in the cylindrical specimens. The cement
paste mix A varied significantly with humidity, while mix C, with the added polyol
resin, exhibited the least variation with humidity but the greatest overall strain. Mix
D with the added polypropylene fibres exhibited the least strain. For all five mixes,
























































Figure 6-11: The 28-day compressive (a) and flexural (b) strengths for mixes A - E.




Figure 6-12: Examples of flexural failure. a) Mix C specimen broken into two pieces -
mixes A, B and E also broke in two. b) Mix D specimens were held together by the
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The study highlights the trade-off between workability and buildability along with
the impact these parameters have upon quantitative material properties. Table 6.4
shows that a mix can perform well in workability at the expense of buildability and
vice versa. Where the mixes perform well in both parameters and possess a suitable
workability-buildability balance, this also may come at a cost. Mix C was highly
workable and held its form well, being able to receive multiple layers. However, as
shown in the calorimetry results (Figure 6-10), the addition of the rheological modifying
polyol resin retards the C-S-H reaction during hydration of the mortar mix. C-S-H is
an important contributor to the binding properties (Sarkar, Aimin and Jana, 2001)
and reaction inhibition reduces compressive strength.
Mix E also performed well in both workability and buildability – again at a cost, as
adding limeX70 to the mix required a significant increase in water/binder ratio to make
the mix workable, thus inevitably impacting compressive strength. Highly workable
mixes C and E additionally displayed the highest deformation during long term loading
(Figure 6-13).
This study suggests that the correct approach to take is to accept the trade-off between
workability and buildability and acknowledge that there will be a challenge in one of
those parameters for a high strength material. The addition of silica fume proved to
be an asset in terms of compressive strength, with Mix D outperforming mix B. The
increase of water/binder ratio required by mix D from 0.33 to 0.40 can be attributed
to the fact that mix D has silica fume added.
While a pure cement paste is certainly workable for the miniature deposition device,
it was clear that the addition of fine aggregate promotes the successful printing of
multiple layers, as mix A deformed irreparably during the layer extrusion process.
With fine aggregate, mixes B - E did not exhibit this deformation. A further purpose
of the additional binding materials and fine aggregate is to reduce the level of Portland
cement used in the mixes, as an entirely cementitious paste is not favourable when
considering sustainability. Portland cement has long been established as a material
with an undesirably high carbon footprint, with the raw materials requiring burning at
high kiln temperatures of 1400°C - 1500°C (Domone and Illston, 2010). The addition
of industrial by-products (PFA, silica fume, limeX70) mitigates the carbon footprint of
the mortar mixes.
The ground-based AM concrete printing study conducted at Loughborough University
used mortar mixes with a sand:binder ratio of up to 3:1 (Le et al., 2012). It became clear
during mixing formulation that such ratios were impractical with a miniature single
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component deposition method as employed in this study, and 1:1 provided a maximum
sand:binder ratio which could facilitate the workability required for successful material
transport. Equally, previous studies using high strength cementitious materials have
used water/binder ratios significantly below 0.30 (Fehling, Leutbecher and Bunje, 2004;
Le et al., 2012). Again, such ratios were not practical in this study with the constituents
used and the required miniaturisation of the deposition process.
It is suggested that workability, as defined in this study as the ability of a material to be
processed by the deposition device, is the primary qualitative material parameter for the
relative miniaturisation of AM required for aerial applications. There should therefore
be less of an emphasis on attempting to achieve very high compressive strengths through
using very low water/binder ratios, with the miniature deposition system requiring
water/binder ratios approaching a more conventional level for concrete at ≈0.50.
It is reasoned that if a formulated mix cannot be processed autonomously in a
lightweight device with aerial robot portability, high compressive strength is essentially
immaterial. A further driver in considering workability to be the prime parameter is
the mitigation of power used in the processing of the material, with a more workable,
rheologically suitable mix using less energy and requiring less time to process (Table
2).
While the polypropylene fibres used in mix D presented a challenge with regards to
workability, the ability of the fibres to partially hold a failed specimen together can
be identified as a potential performance asset in a mortar mix without reinforcement.
The use of fibres of a suitable length and dimensions would form part of a further
investigation concerning the introduction of a measure of ductility within the material,
mitigating the sudden, brittle nature of failure and reduce the level of shrinkage and
crack propagation. Mix D performed well in both compressive and flexural tests and
there is capacity within the mix to further increase plasticiser content and water/binder
ratio to address the challenge of workability posed by the presence of fibres.
With mix E having a water/binder ratio approaching 0.50, the use of limeX70 would
require an alternative approach to mitigate negative impaction upon strength. This
study used quantities of plasticiser of 1% - 1.5% by weight of binder and the compressive
strength results suggest that an approach of further increasing plasticiser content up
to 2% by weight of binder should be investigated when using limeX70 and fibres, thus
maintaining required workability.
The study shows that the Complex modulus G* of the mixes, which measures
the rigidity of the mortar’s soft-solid structure, can serve as quantification of the
workability-buildability balance contained within the mix and indicate whether the
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mix is suitable for AAM. The most rigid mixes B and D were the most challenging to
process and the least rigid mixes A and C were the most workable.
Figure 6-8 quantifies G* values of 3 - 6 MPa as a good balance between workability
and buildability. Below this value and the material is lacking in rigidity, possessing
good workability but inadequate buildability, as shown in this study with the lateral
deformation of mix A. Above 6 MPa and the material becomes too rigid for the device
used in this study, with buildability dominating to the detriment of workability, as
demonstrated by the device having difficulty processing mixes B and D.
A previous AAM study using liquid components of polyurethane foam with a
dual-syringe deposition device employed a 986:1 gearing ratio motor (Dams et al.,
2017a). The change in this study to a faster, lower torque 298:1 micro metal
gearmotor was informed by both the desire to increase velocity and the realisation
during this study’s preliminary tests that higher torque promoted segregation of mortar
constituents. This results in material disproportionately high in water content being
extruded and the forming of dead zones of compacted aggregate and additives around
the internal sides of the syringe’s tapered end. The requirement for higher velocity
and lower torque emphasises the importance of the workability of the mixes, as a
lightweight deposition device will need to process the mixes using minimum torque
in order to decrease constituent segregation, increase the rate of deposition and place
minimal demand on the power source of a UAV host during controlled flight.
Mix C possessed a good combination of workability and buildability and while
possessing the lowest compressive strength, remains structurally viable. Alternative
RMAs should be investigated, as this approach also reduced constituent segregation.
A dome-shaped structure or cylindrical, tapering tower featuring layers of extruded
circular filaments would be viable structural and architectural options for AAM using
mortar. This study used a circular nozzle primarily due to the end of the robotic arm
being unable to rotate about its own axis, therefore a non-circular bead would vary
in diameter as the arm progressed in circular motion. An alternative approach for an
aerial robot capable of rotation in controlled flight would be to change the geometry of
the nozzle to rectangular. This would achieve greater bead width, increase the bonding
surface area between layers, thus promoting layer adhesion, and bring increased lateral
stability to multiple extruded layers.
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6.3.6 Conclusions
AAM offers enormous scope to transform in-situ automated processes and site
safety in the construction industry. This study investigated the importance of the
workability-buildability balance for mortars appropriate for AAM, and proposes a
complex modulus between 3 - 6 MPa with the materials used as being rheological
quantification of a mix possessing a suitable workability-buildability balance for a
miniature deposition device. Fine aggregate is required to extrude multiple mortar
layers without extensive deformation occurring.
The significance of the workability-buildability balance and its relationship with
strength is highlighted. A prime example is silica fume and fibres improving
compressive strength (≈70 MPa) and mitigating creep, but detracting from workability.
A further example is the use of polyol resin as an RMA, which aids both workability
and buildability, but inhibits hydration reactions and reduces density and strength.
Workability is deemed the primary qualitative parameter and rheology the primary
quantitative parameter for AAM due to the relative miniaturisation of the AM process
and the need to reduce torque to minimise constituent segregation during material
transportation.
The study concludes that a mortar with a workability-buildability balance suitable
for AAM can be drawn-up and deposited in defined layers using a lightweight, single
component deposition system without requiring supporting material.
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Fresh properties of pseudoplastic mortars for aerial
additive manufacturing
7.1 Commentary text
This chapter features a journal paper which details the introduction of pseudoplastic
hydrocolloids as Rheology Modifying Admixtures (RMA) into cementitious mix
development.
Chapter 6 focused on buildability, an approach which continues into this paper in
conjunction with a change in approach to the logistics of cartridge loading. In chapters
5 and 6, the fresh cementitious material was drawn-up by the 60 ml deposition device
operating in reverse. In this chapter, an alternative method of manually loading
cartridges with material is demonstrated.
During this phase of experimentation, two major project-wide design developments
occurred. Firstly, an alternative deposition device was designed. The new device
featured a larger cartridge and motor in order to up-scale material deposition. A
second development was informed by aerial robotics and involved the realisation of a
stabilising delta arm robot attached to the base of the drone. Flying drones laterally
deviate from programmed trajectories, this deviation is mitigated by a delta arm.
The new, larger cartridges are manually loaded with material prior to being placed
within the drone-attached deposition device. Material would not be extruded from the
tip of the cartridge. Instead, the cartridge tip would be connected to the centre of
the universal joints of the delta arm robot by a length of plastic tubing. Material had
to pass through the tubing prior to extrusion. This development primarily dictated a
change in focus from buildability to workability and the increased necessity for mixes
to possess shear-thinning properties.
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In this journal paper, drones are referred to as "unmanned aerial vehicles (UAV)" and
the project as "aerial additive manufacturing". The following journal paper is ready to
submit, but as with chapter 6 (and chapter 11), submission is being withheld until the
collaborative paper in chapter 8 is published. As a consequence, the chapter 8 paper
will be cited in this paper (this is noted within the text in italic).
The conference paper included in chapter 9 of this thesis, "Fibrous cementitious material
development for additive building manufacturing", which has been published, is also
cited in this chapter’s journal manuscript, most notably concerning polyvinyl alcohol
(PVA) fibres in section 7.3.3.2.
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7.3.1 Abstract
A revolutionary new method is proposed to release additive manufacturing (AM) in
construction from ground-based constraints by introducing an aerial capability using
unmanned aerial vehicles (UAV), often referred to as ’drones’, carrying miniature
deposition devices. The in-situ creation and repair of structures and infrastructure by
extruding a suitably viscous construction material during coordinated flight represents
a paradigm shift in the use of UAVs in the construction industry. This study develops a
structurally viable pseudoplastic cementitious-polymeric composite material which can
be extruded by coordinated UAVs in flight. Miniature deposition devices with 60 ml
and 310 ml capacity cartridges are used to test the workability of cementitious mortars
and pastes with densities of 1600 kg/m3 -1800 kg/m3 and compressive strength of ≈25
MPa. Appropriate workability and buildability following deposition can be provided by
a synergistic combination of natural hydrophilic (xanthan gum) and partly-synthetic
hygroscopic (hydroxyethyl methyl cellulose) polymeric hydrocolloids with or without
smooth-particle sand as fine aggregate. The retardation effect of cellulose gum, as
confirmed by calorimetry results, is presented and discussed. The key component in the
deposition system with regards to mix design is a 560 mm length of tubing connecting
the reservoir cartridge tip to the extrusion nozzle, with a radius of 4 mm determined
as optimal. A suitable mix possesses a phase angle of 4°, a complex modulus below 10
MPa and requires a force of ≈500 Newtons and current of ≈250 mA to process through
a miniature deposition device.
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Abbreviations
AAM Aerial Additive Manufacturing
AM Additive Manufacturing
CAC Calcium Aluminate Cement





HEMC Hydroxyethyl Methyl Cellulose
MPa MegaPascals
PFA Pulverised Fuel Ash
RMA Rheological Modifying Admixture
S Seconds
S/B Sand/Binder ratio
SEM Scanning Electron Microscopy
UAV Unmanned Aerial Vehicle
V Volts
W/B Water/Binder ratio
Keywords: Aerial additive manufacturing, unmanned aerial vehicles, workability,
buildability, pseudoplastic, hydrocolloids, layers, complex modulus.
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7.3.2 Introduction
Additive manufacturing (AM) has revolutionised automated production in sectors such
as the medical, automotive and aerospace industries (Lim et al., 2016). However, in the
traditionally conservative construction industry (De Schutter et al., 2018), the use of
AM methods is still in a relative state of inception (Wangler et al., 2016). Despite this,
automated AM processes could offer numerous potential benefits to the construction
sector.
The extrusion-based method of AM deposits suitably viscous material through a nozzle
(Labonnote et al., 2016), to create an object one layer at a time (Buchli et al., 2018),
therefore only using the exact amount of material required and no more. This is in
contrast to the subtractive method traditionally employed by the construction industry,
which reduces a large block of material down to the required dimensions (Buswell et al.,
2007). Considering the scale of a construction project, there is enormous potential to
vastly reduce material wastage by utilising AM techniques over standard subtractive
methods (Ghaffar, Corker and Fan, 2018).
Increased automation on a construction project improves efficiency and increases
productivity (Soltan and Li, 2018; García de Soto et al., 2018), reduces costs (Paul
et al., 2018), particularly those associated with labour (Richardson, 2017) and crucially
reduces the risk of fatalities and accidents (Ghaffar, Corker and Fan, 2018) in an
inherently dangerous and labour-intensive industry (Nadhim et al., 2016; Rushing et al.,
2017). Additionally, AM provides scope for greater architectural freedom (Le et al.,
2012) and bespoke design (Agustí-Juan et al., 2017) at little extra cost, which in turn
can promote innovation in design (Labonnote et al., 2016).
In traditional concrete construction practice, formwork is used to contain freshly
poured concrete. The absence of formwork in AM practice is central to the challenge
of suitable cementitious material development (Marchon et al., 2018). While the
removal of formwork offers greater scope for bespoke architectural design (Buswell
et al., 2008), it requires cementitious material, while in the fresh state, to possess
appropriate rheological parameters (Jiao et al., 2017; Zhang et al., 2018a), combined
with established hydration time-scales (Bentz et al., 2018). The absence of formwork
also offers significantly reduced construction costs (Marchon et al., 2018; Paul et al.,
2018).
AM construction methods can be utilised in a pre-cast factory setting (Salet et al.,
2018), fabricating parts off-site for subsequent transportation and assembly, or can take
place entirely in-situ (Labonnote et al., 2016). Investigations into the use of AM for
the purposes of construction have highlighted differing approaches. Large gantry-style
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frames typically with three degrees of freedom and attached deposition equipment can
be considered suitable for standard design and bulk volumes (Keating et al., 2017)
with low costs per unit (Hager, Golonka and Putanowicz, 2016). In contrast, robotic
arms possessing multiple degrees of freedom, either in the configuration of a large single
robot (Buchli et al., 2018) or a group, have lower payloads but can realise more complex
designs (Keating et al., 2017).
Ground-based in-situ printing requires favourable environmental conditions (Lim et al.,
2012), with suitably level topography. The dimensions of the printed object are
restricted by the dimensions and ensuing building envelope of the deposition system
(Wu, Wang and Wang, 2016). This is an issue when considering the height of a typical
structure, with parts for multi-storey buildings requiring off-site prefabrication (Hager,
Golonka and Putanowicz, 2016). However, prefabrication also has drawbacks in terms
of the cost and logistical issues in creating and transporting customised components to
site (Keating et al., 2017).
An approach to addressing these issues would be to introduce an aerial capability
to automated in-situ construction, thus freeing a building project from ground and
labour-based constraints. The aerial additive manufacturing (AAM) project proposes
an innovative solution to bring an aerial capability to in-situ AM by using a coordinated,
communicating group of unmanned aerial vehicles (UAV). Each UAV is designed to
carry an automated lightweight miniature deposition device, replete with a structural
material, to create or repair structures in diverse and challenging environments (Hunt
et al., 2014; Dams et al., 2017a; Shepherd and Williams, 2017).
The extrusion of structural material during controlled flight represents a paradigm
shift in the use of UAVs in the construction industry, which thus far have been limited
to surveillance work (Babel, 2015) or on-site assembly of prefabricated components
(Augugliaro et al., 2014). The aerial approach would be particularly advantageous
when working at height or in a post-disaster reconstruction environment with difficult
ground conditions (Shepherd and Williams, 2017).
This study investigates the development of a novel pseudoplastic cementitious-based
composite material suitable for AAM, with an emphasis upon the addition of polymeric
rheology modifying admixtures (RMA) to enhance cohesion, stability and water
retention (Sonebi, 2006) within the open-time of fresh mixes. The requirement to
miniaturise the deposition process for AAM in relation to ground-based methods results
in considerable modification of traditional mortar mixes, and different mix proportions
to those featured in ground-based studies such as contour crafting (Khoshnevis et al.,
2016), and concrete printing (Lim et al., 2012; Le et al., 2012).
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Ground-based AM studies using 3D extrusion-printing principals have established a
series of parameters to characterise material while in the fresh state (Lim et al.,
2012; Labonnote et al., 2016; Jiao et al., 2017). In this study, extrudability and
pumpability are amalgamated into the encompassing term workability. Crucial to
material development suitable for AAM is recognising the inherent trade-off between
workability and buildability (the ability of an extruded material to retain shape and
structure while in the fresh state), which require contrasting rheological characteristics.
The former requires low viscosities and liquid-like behaviour, while the latter requires
high viscosities and solid-like behaviour to resist deformation from subsequently
deposited layers.
Freshly mixed material is required to pass through a light, miniaturised deposition
system appropriate for carriage on a flying UAV. The deposition system must process
the material without adversely interfering with power delivery capabilities, or the lateral
precision of a UAV, while following an architecturally-informed programmed trajectory.
Extruded material should also be sufficiently rigid to resist downwash effects resulting




This study used two deposition device designs suitable for AAM (Figure 7-1). The 60 ml
cartridge design accommodated two cartridges and was developed for systems requiring
two liquid-components such as polyurethane foam (Dams et al., 2017a). The system
could also function using one cartridge powered by a 6 V DC 298:1 micro metal gear
motor, for use with pseudoplastic cementitious materials (Figure 7-1o-u). The larger
device (Figure 7-1a-n) employed a 310 ml cartridge powered by a 12 V motor. Both
designs use a powered descending plunger to push the material out of the cartridge.
During the study the 60 ml capacity device was manoeuvred in three-dimensional space
during laboratory experimentation both by a Dobot Magician multifunctional robotic
arm, with four degrees of freedom, and by hand. The 310 ml capacity device nozzle
was manoeuvred by hand. The tip of the 310 ml cartridge is shown connected by a
length of 8 mm diameter flexible plastic tubing to the nozzle, which is located between
universal joints at the base of a delta arm robot, which in turn attaches to a flying
UAV (Chapter 8 ). An additional tapering 3D-printed plastic component is placed into
the 310 ml cartridge (Figure 7-1l) to provide a sloping plane for the material to pass
through the cartridge tip and into the tubing.
Deposition device specifications are shown in Table 7.1. The total mass of both devices,
when full of material, are within the 1 kg payload limit of a typical flying UAV. 310
ml cartridges were considered to have a volume of 202 ml in practice to allow for the
insertion of a 3D-printed tapered component at the base of the cartridge and plunger
insertion at the top. Similarly, 60 ml cartridges were considered to have a practical
capacity of 50 ml due to the drilling of a hole in the side of the cartridge to allow
injection of re-filling material by a supply cartridge (as seen in Figure 7-1r,t).
Two nozzle designs were used during this study. An 8 mm diameter circular outlet
was used with the automated deposition devices. For manually controlled extrusion,
3D-printed plastic components with 20 mm x 5 mm and 15 mm x 5 mm rectangular
apertures were attached to the tip of a 60 ml cartridge (Figure 7-1s).
The volumetric flow rate Q within deposition devices can be calculated using the
equation
Q = V A (7.1)























Figure 7-1: Two deposition devices developed for AAM - 310 ml capacity device
(principal image) and 60 ml device (bottom-right partition): a) 310 ml cartridge casing
and seal. b) Delta robot servomechanism. c) Threaded rod, attached to plunger. d)
Gearbox casing. e) 8 mm diameter flexible tubing connecting cartridge and nozzle.
f) Delta robot. g) 8 mm diameter circular nozzle. h) Multiple layer extrusion. i)
Gearbox. j) 12 V metal gearmotor. k) Metal components securing tubing to cartridge.
l) 3D printed component with tapering interior. m) 310 ml capacity cartridge. n)
Plunger. o) Threaded rod, attached to plunger. p) Gearbox and casing. q) 6 V
micro metal gearmotor. r) 60 ml capacity cartridge. s) 3D printed rectangular nozzle
attachment. t) Refilling cartridge. u) 8 mm diameter nozzle.
7.3.3.2 Material strategy
Initial trial mixes highlighted an issue with constituent segregation in mixes designed
with buildability considerations as a priority, as mixes with levels of fine aggregate
>1:1 were prone to segregation whilst inside the cartridge, resulting in zones of
compacted fine aggregate around the cartridge base. This led to the material passing
through the nozzle possessing a disproportionately high water content, leading to a
detrimental effect upon buildability. Rheological modifying admixtures (RMA) were
required to develop mortars with low segregation and provide a suitable balance
between workability (defined in this study as the ability of a material to be processed
by a miniaturised deposition system) and buildability (defined as the ability of a
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Table 7.1: Deposition device specifications.
Specification 310 ml device 60 ml device
Cartridge internal diameter 47 mm 27 mm
Cartridge full height 213 mm 130 mm
Cartridge theoretical volume 310 ml 60 ml
Cartridge practical volume 202 ml 50 ml
DC brushed motor 12 V 6 V
Circular nozzle diameter 8 mm 8 mm
Circular nozzle area 50.3 mm2 50.3 mm2
Printing velocity 10 mms−1 3.3 mms−1
Printed volume/second 0.5 mls−1 0.165 mls−1
Cartridge flow velocity 0.294 mms−1 0.265 mms−1
Cartridge flow rate Q 510 mm3s−1 152 mm3s−1
Tube length 560 mm - -
Tube volume 28.2 ml - -
Tube flow velocity 4.44 mms−1 - -
Tube flow rate Q 223 mm3s−1 - -
material to retain shape post-extrusion and accept subsequent layers without excessive
deformation). Different types of microfibres for AAM mixes have been investigated
by the authors (Dams et al., 2018). This study focuses upon the development of
pseudoplastic hydrocolloids in AAM mortars and does not include fibres in the fresh
mixes.
Pseudoplastic material is highly appropriate for a small, lightweight deposition system.
Material should possess low viscosity while subjected to stresses within the components
of the deposition system, yet rapidly increase in viscosity and possess a suitable yield
stress once deposited and in a state of rest.
A further consideration is whether to use the rheological properties (while consistent
within the open time) of fresh mixes to retain structure and shape following deposition,
or use accelerating admixtures. The open time of cementitious mixes rheologically
suitable for AAM can be considered as 120 minutes. The loading of material into
an empty cartridge, the attachment of a full cartridge to a deposition device and the
launching, piloting and global coordination of the UAV carrying a deposition device
is a precise and extensive procedure. If a technical issue is encountered, the open
time allows for a problem to be identified and rectified while the material still retains
workability within a loaded cartridge.
An accelerating admixture could be included as a constituent at the mixing stage or
administered immediately prior to deposition. The former approach would reduce
the window of operation, risking wasting a cartridge full of material in the event
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of a technical issue. The latter approach would require either major deposition
device adaptation to administer an accelerating agent to the mix immediately prior
to deposition or a second accelerator-administering UAV. Effectiveness of accelerating
admixtures may be mitigated or negated by potential retarding effects of pseudoplastic
RMAs with microstructures of polymeric chains such as cellulose ethers (Muller, 2006).
Therefore, considering potential retardation effects and the operational benefits of a
faster, streamlined mix manufacturing operation, it was decided in this study not to use
accelerating admixtures and instead, focus upon developing fresh mixes with suitable
open-time rheological properties.
7.3.3.3 Constituents
Fresh cementitious-based material suitable for AAM should possess an appropriate
balance between workability and buildability. Hydrated material needs to possess
structurally viable strength, despite the requirement to reduce material density below
typical mortar levels of ≈2000+ kg/m3 for AAM. Binding materials, additives and
admixtures can contribute to either buildability, workability or both, with varying
degrees of impact upon strength. Figure 7-2 illustrates constituents investigated in
this study, along with the particle size distributions of the fine aggregate used.
This study used Dragon Alfa CEM I 42.5 R Portland cement with a particle size of
5 - 30 µm and bulk density 900 - 1500 kg/m3, as the base binding constituent. The
chemical composition of the CEM I, determined by Rietveld quantitative phase analysis,
is shown in Table 7.2.
Table 7.2: Rietveld quantitative phase analysis of the chemical composition of Dragon
Alfa CEM I 42.5 R Portland cement shown as a percentage by weight.
CEM I Phase % by wt.
Dicalcium silicate C2S 14.6
Tricalcium silicate C3S 71.5
Tricalcium aluminate C3A 7.27
Tetra-calcium aluminoferrite C4AF 4.46
Calcium sulphate phases 2.16
Binding additives were EN 450 N grade type-F pulverised fuel ash (PFA), supplied by
Cemex, with a bulk density 800 - 1000 kg/m3, particle size: <45 µm, and silica fume
supplied in powder form by FerroPem, France with a bulk density of 200 kg/m3 and
mean particle size of 0.2 µm. PFA, a by-product of the coal industry (Hilal, 2016), was
expected to aid workability, possessing a microstructure of smooth, rounded particles
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Figure 7-2: Constituents with particle distribution properties investigated for AAM. a)
Schematic contribution to material properties workability, buildability and strength.
b) Particle size gradation of fine aggregates.
Constituents which contribute to higher-performance strength, such as silica fume and
silica flour (Hilal, 2016), were expected to contribute to buildability, with the small
(generally below 0.1 µm) particles filling voids in material such as ordinary Portland
cement type 1 (CEM I) and sand (Jiao et al., 2017).
Coarse aggregate can be categorically ruled out as being unsuitable for miniature
deposition devices, but fine aggregate with particle sizes of <2mm diameter is feasible.
Fine aggregate used in this study consisted of angular-particle and smooth-particle
sand. Angular-particle sand (supplied by Jewsons, UK, product number AGSTB003),
was kiln dried at a temperature of 105°C for a period of twenty four hours prior to
sieving and possessed a loose dry density of 1600 kg/m3.
Contrasting with angular to sub-angular particle sand, which has a broad particle
distribution and generally larger particles creating voids for smaller particles to fill
(thus aiding buildability), sand designed for use in sporting or outdoor recreational
applications has generally smoother-surfaced particles and was also used in this study.
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The smooth sand (supplied by British playsand, UK, product number 365/0574), was
also kiln dried at a temperature of 105°C prior to use for a period of twenty four
hours and possessed a lower dry density of 1450 kg/m3. Figure 7-2b shows the particle
gradations attained by a period of twenty minutes of mechanical sieving for the two
sands.
To modify the rheology of the mix, foaming agents, silicone oil and hydrocolloids
were all investigated as RMAs, both in isolation and combination, to assess potential
synergistic effects. Mixes required a binding, water retaining agent, to prevent bleeding
and the ensuing build-up of fine-aggregate zones around the tip of the deposition
cartridge as the material passed through, potentially causing blockage (Khalil et al.,
2017). Mix formulation was informed by the behaviour of pseudoplastic materials such
as paint, which requires low viscosity during application and high viscosity once applied
and at rest (Brujan, 2011).
Albumen-based foam was trialled alongside a cellular lightweight concrete foaming
agent manufactured by EAB Associates, with the latter being more effective. This
product, when mixed at a concentration of 3% agent to 97% water, produced a foam
of stiff-peak consistency in 15 seconds which can be added to slurries. Foaming agent
could not be combined with silicone oil, as the latter possesses anti-foaming properties
(Ross, 1950). During trial mix formulation, it was discovered that EAB Associates
foaming agent needed to be used in much smaller quantities to achieve the same effect
on workability as that achieved by silicone oil.
Hydroxyethyl methyl cellulose (HEMC), a synthetic hygroscopic compound
(Cano-Barrita and Leon-Martinez, 2016) chemically derived from cellulose (Khayat,
1998), was identified as a potentially suitable RMA. A pseudoplastic hydrocolloid, the
addition of cellulose ethers are established in dry-mix mortars used for renders, tile
adhesives and self-levelling applications (Sonebi and Khayat, 1999; Sonebi and Bartos,
1999; Bülichen, Kainz and Plank, 2012; Zhang et al., 2015). It is noted for viscosity
modification (Zhang et al., 2015), contribution to mechanical strength (Pourchez et al.,
2006) and particularly water retention, via the mechanism of water sorption and the
formation of water-retaining polymer networks within cementitious matrices (Bülichen,
Kainz and Plank, 2012).
To provide further pseudoplasticity, the chosen plasticiser was Adomix ‘Adoflow S’.
This is a lignin-based plasticiser, working via the mechanism of electrostatic repulsion,
where the polymeric molecule chains cover the cementitious binder particles and impart
a repelling negative charge. This is the same mechanism used by naphthalene-based
superplasticisers (Domone and Illston, 2010) and it has been noted that these exhibit
shear thinning properties (Lootens et al., 2004). Conversely, polycarboxylate based
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superplasticisers, working by the mechanism of steric stabilisation (Nawa, 2006), can
impart shear thickening properties into material (Lootens et al., 2004).
7.3.3.4 Mix manufacture
Mixes were created in the laboratory using the following method:
1. Dry constituents - cementitious binder of CEM I and PFA, fine aggregate and
hydrocolloids - were hand-mixed.
2. Water and plasticiser were mixed together and poured evenly over dry
constituents.
3. An automated mixer beater was activated for three periods of 30 seconds of
planetary motion at high speed.
4. Separately, foaming agent was added to water and mixed to a stiff-peak
consistency.
5. The foam was then added to the mix and underwent two periods of mixing for
10 seconds on a slow setting.
Mixes not containing foaming agent followed steps 1 - 3 only.
The temperature of the laboratory environment during mix manufacturing was 20°C
±3°C and the temperature of the water added to dry constituents was 16.5°C ±2°C.
7.3.3.5 Axial force and power requirements
To discover the axial force required for a deposition device plunger to push a fresh
mix through a deposition system, a rig was constructed as shown in Figure 7-3b.
Displacement-controlled force was applied at a constant rate of 5 mm/minute upon
a plunger using a 50 kN Instron Universal 2630-120/305632 device.
Compressive stresses experienced by the fresh mixes while passing through a cartridge




Where F is the axial force required and A is the cross sectional area of the cartridge








Figure 7-3: Robotic arm, axial force and settlement tests. a) Robotic arm manipulating
a 60 ml capacity device printing a fresh mix. b) Axial force test rig with direction of
force indicated. c,d) Settlement test rig shown with direction of uniformly distributed
load indicated (c) and 8 mm diameter bead of extruded fresh material (d).
To obtain the power required to process the mixes through miniature deposition
systems, freshly mixed material was loaded into a cartridge and extruded, with the
location of the nozzle in three-dimensional space controlled by robotic arm (the 60 ml
capacity device as shown in Figure 7-3a) and by hand (the 310 ml capacity device).
The voltages of the power supplies were maintained at a constant 6 V for the 60 ml
device and 12 V for the 310 ml device. It was expected that a more buildable, viscous
mix would require greater current to be drawn from the power supply for successful
extrusion.
7.3.3.6 Material deformation
Following extrusion, two deformation scenarios affect the structure of fresh material.
The first scenario is layer settlement, which can be tested to quantify the stability of
extruded material (Kazemian et al., 2017). To investigate layer settlement, explicitly
defined in this study as the extent that a freshly extruded bead of material might
compress under the weight of subsequently added layers (Figure 7-4), 8 mm diameter
beads of mixed material were extruded on to steel plates to a length of 100 mm at 5
minute time intervals. They were compressed at a rate of 2 mm/minute by an upper
steel plate fixed to the Instron Universal device as shown in Figure 7-3c-d. The tests
were conducted over the material open time period of two hours.
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The second scenario is the extent to which a bead of material might sag when bridging
between supporting beads of the previously deposited layer (Figure 7-4). Designs
consisting of alternating directions of extruded layers kept spacings to a minimum
to mitigate sagging of material. The suspended bead of material can be analysed as
a simply supported beam as the "supports" could consist of material that is not fully
hydrated and therefore subject to movement. The bead would also be subjected to its






Figure 7-4: Orthogonal layers of extruded material subject to sagging between
"supports" of previously deposited material and layer settlement by deposition of
subsequently deposited layers.
Using the geometrical and deformation properties of the material, a theoretical
maximum sagging deflection ∆max of a simply supported bead of material at mid-span




Where l = length of the bead between supports, w is the UDL loading, taken as
0.00070 N/mm to represent the self-weight of the extruded beam, E is elastic modulus




Where σ = stress and ε = strain. The second moment of area I can be taken as a
cylindrical cross section:
I = π4 r
4 (7.5)
Where radius r = 4 mm, therefore I is taken to be 201.1 mm4. Using the E value of
a given material at a particular age, a theoretical maximum deflection, occurring at
mid-span, can be obtained for a given length between supports.
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7.3.3.7 Rheology - Oscillation and Flow
Rheological tests were performed in order to quantify the pseudoplastic and viscoelastic
properties of the mixes. Tests were conducted on a TA Instruments DHR2 rheometer
at a constant temperature of 25°C. Oscillatory tests used disposable aluminium flat
plates with a 40 mm base plate and 25 mm diameter upper plate. Flow tests used a
steel cross-hatched 40 mm base plate and upper plate to minimise slippage at greater
shear rates. In all rheology tests, a 1000 µm geometry gap was used and material was
placed upon the base plate immediately following mixing.
Displacement-controlled oscillation tests were conducted over a two-hour period,
representing the open time of the fresh material. An angular velocity of 5.0x10−5
radians per second ensured the material remained within the linear viscoelastic region.
Frequency was maintained at 1 Hz. Tests quantified the rigidity of the mixes, with the
complex modulus G* parameter, consisting of:
G* = G′ +G′′ (7.6)
where G’ is the solid-like behaviour component, storage modulus (recoverable elastic
deformation as a result of energy storage) and G” is the liquid-like behaviour
component, loss modulus (non-recoverable deformation due to viscous flow, resulting





Where δ is the phase angle, further quantification of solid-like, or liquid-like, behaviour
in the fresh material. A δ value, ranging between 0° (an ideal solid) and 90° (an ideal





Secondly, stress-controlled flow tests were conducted at shear stresses ranging from
300 Pa to 3000 Pa to quantify pseudoplastic behaviour with the relationship between
applied shear stress γ̇ and resulting viscosity η and yield stress. The greater the
decrease of η in relation to increased stress, as the material would be subjected to
while progressing through the deposition systems, the greater the suitability of the mix
for AAM.
The flow resistance R encountered by fresh material while in the cartridge and tubing





Where η is the viscosity of the material in the cartridge or tubing, L is the length and
r is the radius of the cartridge or tubing.
7.3.3.8 Calorimetry
Calorimetry tests were conducted on fresh mixes with and without HEMC over a
48 hour period to determine how the cellulose-based hydrocolloid affected the heat
evolution rate of the exothermic hydration reaction. 40 g samples of material were
placed into sealed containers immediately upon completion of mixing and placed into a
Calormetrix I-Cal 4000 high precision isothermal calorimeter with chambers maintained
at 20°C.
7.3.3.9 Material microstructure
The particle sizes and surfaces of the constituents and microstructure of 28-day cured
mixes were examined using Scanning Electron Microscopy (SEM). Samples were coated
in a 10 nm layer of gold to prevent charging and increase signal-to-noise ratio and
subsequently analysed using a JEOL SEM6480LV microscope.
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7.3.4 Buildability
Material extrusion experiments tested with the 60 ml capacity deposition device focused
upon buildability and used both an 8 mm diameter circular nozzle, an aperture flush
with the cartridge base (Figure 7-1u) and 3D printed rectangular nozzles, fitted over
the base of the cartridge (Figure 7-1s).
7.3.4.1 Mix formulation
Three mixes, termed A, B and C, focused upon the ability to immediately print on
top of a previously extruded layer, with HEMC added to mixes B and C to promote
constituent binding and water retention, mitigating segregation within the deposition
device. The proportions of each constituent in the mixes are illustrated in Figure 7-5
as kg/m3. Mix densities were measured hardened at 28 days, with 100 kg/m3 added
to obtain fresh densities (Committee, 2002) of A 1978 kg/m3, B 1726 kg/m3 and C
1695 kg/m3. Plasticiser was added 1% by weight of binder. A simple cement paste
mix without HEMC, mix A, with excellent workability but poor buildability (Dams
et al., 2017b), was used for comparison to mixes B and C containing HEMC.





































Figure 7-5: 60 ml capacity device mix formulations A - C, focusing upon buildability.
Constituent values are shown in kg/m3. Fresh mix densities: A: 1978 kg/m3, B:
1726 kg/m3, C : 1695 kg/m3. Key: CEM I: Ordinary Portland cement type 1, PFA:
pulverised fuel ash, SF: silica fume, Plast.: plasticiser, HEMC: hydroxyethyl methyl
cellulose, W/B: water/binder Ratio, S/B: sand/binder Ratio.
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7.3.4.2 Trajectory design and manipulation
Examples of hand (rectangular filament) and robotic arm-driven (circular filament)
printed objects using mix B are shown in Figure 7-6. The material exhibits excellent
buildability. Multiple layers in circular, sine-wave and curved formations, deposited
immediately in succession upon completion of mixing, retain structure and definition
following deposition. Robotic arm controlled trajectories were programmed to ascend
vertically to the next layer immediately following layer completion, resulting in a gap
of 5 seconds between layer printing. The velocity of the robotic arm during extrusion
was 3.3 mm/sec, the deposition device being the limiting factor rather than the arm
itself or the material. A five second gap was also left between layer deposition with
the hand-printed specimens to allow correct positioning of the cartridge for continuing













Figure 7-6: Hand and robotic arm-driven mix B extrusions using the 60 ml capacity
device, using rectangular and circular nozzles respectively. a) Partial sine wave with 5
layers. b) Sine wave which shows variation in alternate layer trajectory. c) 20 circular
layers deposited. d-f) Rectangular nozzle extrusions by hand. g) Sine wave extrusions
using the robotic arm. Images a-c and g have 8 mm diameter circular extrusions.
Images d and f feature a 15 mm wide and 5 mm high rectangular layer, with e having
wider layers at 20 mm.
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7.3.4.3 Test results
Figure 7-7 shows calorimetric (Figure 7-7a,b) and rheological results (Figure 7-7c,d). It
can be seen in the calorimetry images that less energy is transferred during the first 48
hours of the hydration process for Mix B in relation to mixA (mix C performed in a very
similar fashion to mix B). A time differential can also be observed in Figure 7-7b, with
a longer dormant period (Figure 7-7b2) and delayed calcium silicate hydrate (C-S-H)
gel phase, and calcium hydroxide formation from C3S, clearly occurring later in Mix B
(Figure 7-7b3). There is little difference observed in the later diffusion-limited reaction
period (Figure 7-7b5). The rheology results reveal complex moduli for mixes B and C
to be higher than the cement paste, with Mix B, containing greater quantities of silica
fume, sand and HEMC is revealed as being significantly more rigid than mix C.
Figure 7-8 shows SEM microstructural images of more angular, rough surfaced sand
particles (a), smoothed sand particles (Figure 7-8b) and HEMC particles (Figure 7-8c)
(along with Xanthan gum particles - Figure 7-8d - used with the 310 ml capacity
device and discussed further in section 7.3.5). Images illustrate how the surface of the
smoother sand particles would aid workability (Figure 7-8b), as opposed to the rougher,
more uneven surface of the more typical building sand (Figure 7-8a). The HEMC
image (Figure 7-8c) reveals highly irregular particle sizes and long polymer chains.
HEMC performed successfully both in terms of binding the constituents together (with
segregation and compaction of material not in evidence) and increasing viscosity.
7.3.4.4 Buildability discussion
Although mix B contains less cement than mix A, it is suggested that Figure 7-7a,b
may also display confirmation that HEMC possesses secondary hydration-retarding
properties, with Mix B showing both a reduction in the energy transferred during
the 48-hour period following mixing (a) and the rate of transfer (b). The initial C3A
reaction leading to ettringite formation (Figure 7-7b1) appears to be unaffected, but
the dormant period (Figure 7-7b2) is clearly extended. The rate of the C3S reaction-led
acceleration period (Figure 7-7b3), leading to the primary hydration products C-S-H
gel and Ca(OH)2, is reduced and formation of further ettringite and monosulfates from
C3A (Figure 7-7b4) appears less defined in Mix B.
Three parameters affect the chemical structure of HEMC - the molecular weight,
the presence of the hydroxyethyl group and the presence of the methoxyl group
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Figure 7-7: Rheology and calorimetry results for fresh 60 ml device mixes. a)
Calorimetry - energy transferred during hydration for mixes A and B (mix C performed
in a very similar fashion to mix B and is omitted for clarity). b) Rate of heat evolution
during hydration. 1: Initial C3A reaction. 2: Dormant period. 3: Main C3S reaction
forming C-S-H gel and Ca(OH)2. 4: Continuing C3A reaction forming ettringite and
monosulfates. 5: Diffusion limited reaction period. c) Oscillatory test results for mixes
A, B and C showing elastic modulus G’ and storage modulus G”. d) Complex modulus









Figure 7-8: SEM images of fine aggregates and hydrocolloids: a) Building sand x100
(top) and x1000. b) Sports sand x100 (top) and x1000. c) HEMC x500. d) Xanthan
gum x500.
- has been shown to retard both C3A (Pourchez, Grosseau and Ruot, 2009) and C3S
(Pourchez, Grosseau and Ruot, 2010) hydration reactions. HEC reduces the rate of C3A
dissolution, ettringite precipitation and calcium hydroaluminate precipitation, with
HEC particles adsorbed onto calcium hydroaluminate surfaces observed (Pourchez,
Grosseau and Ruot, 2009).
The presence of HEC leads to slower C3S dissolution rates (dissolution is limited by
the ionic composition of the liquid phase induced by the cellulose ether), strongly
modifying the growth rate of the C-S-H gel phase. Through adsorption, cellulose ether
restricts the nucleation and growth of C-S-H particles on surfaces of C3S particles,
which results in ultimately thicker, more permeable C-S-H shells (Pourchez, Grosseau
and Ruot, 2010). HEMC has further been shown to retard the precipitation of calcium
hydroxide (portlandite) (Pourchez et al., 2006).
Following the calorimetry results, further oscillation tests took place on the rheometer
to assess the effectiveness of two accelerating admixtures in combating the retardation
effects of HEMC: BASF Master X-seed 100 and a 1:1 laboratory formulated
combination of aluminium lactate and diethanolamine each added to mixes at a dosage
of 3.25% by weight.
Master X-seed consists of a suspension of nanosized crystalline C-S-H seeds and is
designed to promote the rapid nucleation and growth of C-S-H crystals, primarily
targeting the reduction of the dormant period following initial C3A reactions (BASF,
2016). However, in this study it is the early stages of reactivity following mixing which
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are of prime interest. Master X-seed did demonstrate an early accelerating influence
with mixes showing increased G*. However, considering practical use, a period of time
following mixing completion has to be allowed for loading the material into a cartridge,
placement of the cartridge into a deposition device, attachment of the deposition device
to a UAV and allowing the UAV to manoeuvre into position before material can start
flowing through the system and be extruded. This is taken to be twenty minutes
and Master X-seed primarily achieves effect prior to this, suggesting that it would be
inappropriate for AAM due to the risk of excessive stiffening occurring in the material
while still in the deposition device, prior to extrusion.
Aluminium salt and diethanolamine is an alkali-free accelerator designed to act upon
aluminates, introducing a larger quantity of aluminium ions into the fresh mix to
achieve acceleration (Myrdal, 2007) and promoting the quick formation of needle-like
ettringite particles with the intention of stiffening the mix rapidly (Reiter et al., 2018).
The presence of lactic acid in cement has been shown to accelerate aluminate phases
rather than silicate phases (Singh, Prabha and Singh, 1986). Therefore, if cellulose
ether inhibits the formation of hydration products arising from initial C3A reactivity,
aluminium lactate – diethanolamine ceases to be an effective accelerating solution and
is also not appropriate for AAM extrusion processes. Consequently, a strategy of this
study to work with the open-time rheological properties of the fresh mix, rather than
actively seeking to promote early hydration acceleration, continued into the next phase.
The workability-buildability combination of mixes B and C were appropriate for
extrusion immediately out of a cartridge. However, in readiness for fully testing mixes
with flying UAVs, further experimentation was required, with workability being the
primary parameter informing mix design, using a larger 310 ml cartridge device. The
attachment of a deposition device to a UAV requires a 560 mm length of flexible plastic
tubing to connect the cartridge tip to a nozzle at the base of the UAV-attached delta
robot, which controls the nozzle trajectory and stabilises movement. It required 800
N - 900 N of force to process mixes B and C through the deposition devices’ length
of tubing. This was too challenging for the power capabilities of the UAV batteries.
Extra importance was therefore placed upon developing the pseudoplastic properties
of the mixes, as viscosity is required to decrease by orders of magnitude while material
passes through the deposition system, yet rapidly increase once deposited.
Fine aggregate, in a more workable mix, should consist of smooth particles of sand.
Rougher and more angular particles, along with wide variation in size of particles, lead
to increased viscosity as particles lock together in the fresh mix - an asset once extruded,
but a drawback pre-extrusion. Any fine aggregate should be present in a reduced
quantity, with increased use of pseudoplastic hydrocolloids to provide buildability.
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7.3.5 Workability
During a further phase of experimentation focusing on workability, all mix designs were
tested with a device accommodating a larger 310 ml capacity cartridge. The flexible
tubing was manipulated by hand during material deposition.
7.3.5.1 Mix formulation
Mix formulation involved investigation into whether alternative hydrocolloid
constituents were superior, compatible or synergistic with HEMC. Table 7.3 lists
the hydrocolloids investigated during the study to evaluate effectiveness as an RMA
suitable for AAM cementitious mixes. All hydrocolloids listed in Table 7.3 were
trialled individually and in combination with HEMC. Mix densities remained above
1600 kg/m3.
Table 7.3: Hydrocolloids investigated during AAM mix formulation.
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Diutan gum is established as an RMA in concrete and cement (Xu et al., 2015; Sonebi,
2006; Rubio, Sonebi and Amziane, 2017). However, during hydration, extruded mix
formulations featuring diutan gum exhibited behaviour of adsorbing water on the
external surface of the material, giving a moist veneer to cured specimens - a behaviour
not observed with the remaining hydrocolloids listed in Table 7.3. The anionic nature
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of diutan gum requires a polycarboxylate-based superplasticiser to prevent this surface
adsorption (Sonebi, 2006), therefore diutan gum appeared to be incompatible with the
lignin-based plasticiser used in this study.
Xanthan gum in combination with HEMC, provided superior buildability in relation
to quantity used during trial formulations. Coupled with suitable workability, it was
therefore decided that the most effective and AAM-appropriate rheological-modifying
hydrocolloid was a combination of HEMC and xanthan gum, a hydrophilic native
bio-polysaccharide derived from the the bacteria Xanthomonas campestris (Casas,
Mohedano and García-Ochoa, 2000) following an aerobic fermentation process
(Cano-Barrita and Leon-Martinez, 2016).
Four new mixes, 1 - 4, were formulated (Figure 7-9). Plasticiser content was maintained
at 1% by weight of binder. Constituents which promoted buildability, such as silica
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Figure 7-9: 310 ml capacity device mix formulations 1 - 4, focusing upon workability.
Constituent values are shown in kg/m3. Fresh mix densities: 1 : 1760 kg/m3, 2 : 1707
kg/m3, 3 : 1757 kg/m3 4 : 1793 kg/m3. Key: CEM1: Ordinary Portland cement type
1, PFA: pulverised fuel ash, Plast.: plasticiser, HEMC: hydroxyethyl methyl cellulose,
Xan=xanthan gum, W/B: water/binder Ratio, S/B: sand/binder Ratio.
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7.3.5.2 Trajectory design and manipulation
Figure 7-10 illustrates extrusions with different trajectory designs using the
hand-controlled 310 ml capacity device to demonstrate the possibilities of design using
AAM.
An alternating ruffle and three orthogonal lines design can be seen in Figure 7-10a in
the form of a circular column and in Figure 7-10b,d in a more linear form. Figure 7-10c
shows a wall design with immediately adjacent extrusions and Figure 7-10e shows







Figure 7-10: Extrusions using the 310 ml capacity device. a) Circular column element
with alternating layers of three concentric lines and ruffle design featuring mixes 2,
3 and 4. b,d) Linear examples with alternating layers of parallel lines and the ruffle
design using mix 4 (b) and 3 (d). c) Four adjacent beads forming a wall using mix 3.
e) A chain-link design with mix 3.
7.3.5.3 Results - Material deformation, axial force, power and rheology
Freshly extruded mixes from the 310 ml capacity device demonstrated that Mix 1
was the most workable but possessed inadequate buildability, while mix 4 showed
excellent buildability (Figure 7-10b), but was challenging for the deposition device to
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print. Mix 3 displayed the best combination of workability and buildability, with the
deposition device being able to process the material more comfortably than mix 4 and
once extruded, mix 3 material retains defined layers with less deformation than the
more workable mixes 1 and 2.
Figure 7-11a shows how mix 1 (workable paste) and mix 4 (buildable mortar) differed
in settlement under loading. For all four mixes, as the material ages through the open
time, deformation decreases. Mix 1 exhibited greater deformation than mix 4 at the
three time stages illustrated - 10 minutes, 60 minutes and 110 minutes.
Figure 7-11b shows the deflection curves for three design span considerations - 10
mm, 20 mm and 30 mm. A mean open-time modulus value E from 1 mm to 4 mm
deformation during the compression tests is indicated for workable mix 1 and buildable
mix 4. Mix 1 would deflect a full 10 mm for a 30 mm span within the open time of
the material while mix 4 would deflect ≈6 mm for the same span.
Force and current requirements increased as the material passed through the tubing and
plateaued after extrusion had commenced. Figure 7-11c shows the relationship between
force and current forms a curved trend line. Using equation 7.2, stresses experienced
by the material are between 0.2 MPa - 0.4 MPa while in the cartridge, rising to 6 MPa
- 13 MPa while in the tubing. Mixes 1 - 4 required less force to process than mixes B
(which was ≈800N) and C (≈900N).
Figure 7-11d depicts the two hour oscillation test profile of the most suitable mix in
this study, mix 3, showing how the elastic modulus G’ dominates over the viscous
modulus G” for the pseudoplastic mortar mixes. Moduli values initially increase with
the initial dissolution of the C3A phase and then broadly plateau for the remainder
of the mix open time, which is within the dormant period of hydration. Mixes in this
study possessed a phase angle δ within the range of 3° - 10° and applying equation
7.7, complex moduli G* can be calculated as 106 - 107 Pa. Therefore, 10 MPa can be
considered as a quantitative upper limit for AAM.
To quantitatively assess the optimisation of the 310 ml capacity device tubing
dimensions with respect to the resistance to flow imparted by the deposition device
R and material viscosity η, Figure 7-11e and Figure 7-11f illustrate how the viscosity
and resistance profiles for mix 3 would change in accordance with tubing dimension
variation. Figure 7-11e,f uses the viscosity profile of Mix 3, which shows viscosity
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Figure 7-11: Deformation, force, current required and flow resistance and viscosity (in
relation to deposition device cartridge and tubing dimensions) results for fresh 310 ml
device mixes. a) Settlement of mixes 1 and 4 under compressive loading. b) Deflection
curves for extruded material across 30 mm, 20 mm and 10 mm spans as elastic modulus
E increases for mixes 1 and 4. c) Axial force and current required to process mixes
through the tubing. d) Rheology oscillation test for mix 3 showing elastic modulus G’,
viscous modulus G” and phase angle δ. e,f) Flow test for mix 3 showing the impact
upon resistance to flow R and viscosity η that would arise from varying the tubing
dimensions, demonstrating the suitability of the 560 mm length and 4 mm radius used
in the extrusions.
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The current dimensions of the 310 ml capacity device tubing are indicated on
Figure 7-11e,f. The resistance profile (Figure 7-11e) changes linearly with length yet
begins to dramatically increase once radius values fall below 3 mm. With viscosity
(Figure 7-11f ), increasing the tube radius beyond 4 mm sees the rate of viscosity
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Figure 7-12: Yield stress (a) and viscosity (b) flow curves shown for mixes 1 and 3
.
Figure 7-12 shows the yield stress (a) and viscosity (b) flow curves for mixes 1 and 3
(Mix 2 exhibited very similar results to mix 1 and mix 4 was very similar to mix 3 ).
It can be observed that the most suitable mix in this study, mix 3, possesses a yield
stress of 1.1 kPa, with mix 1 lacking sufficient buildability and displaying a lower yield
stress. Viscosity decreases by orders of magnitude in all mixes, reducing to below 10
Pa.s as shear rate increases.
7.3.5.4 Workability discussion
A pseudoplastic material should possess low viscosity while in a miniature deposition
system and experience as little flow resistance imparted by confining walls as possible.
The results of this study have shown that tube radius is the key dimensional parameter
when considering how a pseudoplastic material may pass through a miniature
deposition system. Tubing required to connect reservoir cartridge tips to extrusion
nozzles is the component which exerts the most influence over material flow and
dimensional optimisation of tubing is of primary importance.
With a radius of 4 mm, resistance remains comparable to that imparted by a larger
radius, and it is reasoned that the radius should not be reduced further. Increasing
the radius beyond 4 mm would start to increase viscosity to a greater extent than
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it would reduce resistance. A tubing radius of 4 mm is therefore suggested to be
optimal for a miniature deposition device suitable for AAM. Tubing length in this
study is based upon operational needs and the logistical necessity for the delta arm to
optimally function, therefore it cannot be reduced. Although length reduction would
be beneficial, the results confirm length to be the secondary parameter concerning
pseudoplastic material flow within the device.
In trial formulation, xanthan gum did not possess water retentive and constituent
binding qualities to the standard exhibited by HEMC. It was also observed during trial
mixes that HEMC in isolation did not impart such a strong influence over viscosity and
yield stress in comparison to being combined with xanthan gum in equivalent quantities,
though the effect was still pronounced. The two hydrocolloids worked well together in
mixes which were successfully trialled during UAV in-flight printing with the 310 ml
capacity device (Chapter 8 ), resulting in a cementitious-polymeric composite material
suitable for AAM. With mix 3 exhibiting a yield stress of 1.1 kPa and possessing the
most suitable workability-buildability combination in this study, it can be obtained
that a material suitable for a miniature automated deposition device should aim to
possess neither significantly less (due to inadequate buildability) or significantly more,
as mix 4 proved challenging for the deposition device and possessed only a marginal
increased yield stress to mix 3.
Although the SEM images (Figure 7-8) support the choice of smooth-particle sand
(rather than angular and sub-angular), the level of buildability provided by a sufficient
quantity of the hydrocolloid combination can serve to reduce, or eliminate, the
requirement for fine aggregate in a mix suitable for AAM. The justification for using
fine aggregate in these circumstances would be therefore based upon cost and carbon
reductions, rather than necessity for buildability.
The HEMC microstructural image (Figure 7-8c) shows water-absorbing particles
consisting of long polymeric chains capable of wrapping around water molecules,
adsorbing and expanding, reducing segregation and bleeding in the fresh mix.
Water-retaining HEMC particles also adsorb on to the surface of both C3S and
C3A particles (Pourchez, Grosseau and Ruot, 2010). By contrast, the xanthan gum
micro-structural image (Figure 7-8d), shows a greater particle distribution, with a
greater quantity of smaller and more angular particles in comparison to HEMC,
suggesting the ability to lock together, with smaller particles filling voids and increasing
viscosity and buildability at low shear rates.
The two products affect viscosity by differing mechanisms - xanthan gum by adsorption
on to cement particles, increasing inter-particle attraction, whereas HEMC molecules
increase the viscosity of the water in the mix by adsorbing on to water molecules,
191
expanding and attracting molecules in adjacent chains. Cellulose ether molecules
entangle and intertwine amongst themselves at low shear rates, but at high shear rates
disentanglement and subsequent alignment parallel to flow direction occurs (Khayat,
1998) - this pseudoplastic behaviour is desirable for AAM. Cellulose ether molecules
additionally readily absorb moisture from the air (Khayat, 1998).
HEMC and xanthan gum, a semi-synthetic hygroscopic polymer and a natural
hydrophilic polymeric gum respectively, are reasoned to be compatible and synergistic
in fresh cementitious mixes suitable for AAM with a miniature deposition device.
This dual approach to increasing viscosity (at rest following extrusion) and decreasing
viscosity (under stress within the deposition device) will be continued in ongoing
research by the authors.
The deformation results emphasise the importance of keeping spans to a minimum
in trajectory design when working with mixes which adhere to the consideration of
workability as being the primary parameter. A further course of action to address
extruded bead deformation and promote hydration would be to investigate calcium
aluminate cement (CAC) and calcium sulphate (CS) augmented mixes. Along with
suitable plasticiser and alternative accelerating or retarding agents, this approach would
be a means of controlling and promoting ettringite formation which promotes early
rigidity (thus buildability) and strength.
The criteria of success for such an approach would be ideally to firstly provide sufficient
open time for deposition device cartridge loading and subsequent UAV attachment
and flight, plus a small buffer in case of a technical issue with the UAV operation.
Following the expiration of the desired open time, which can be identified as a function
of combined mix manufacture, deposition device loading and UAV flight time, a
successful CAC/CS augmented system should promote rapid hydration, unhindered
by the established retardation effects of HEMC.
The pseudoplastic properties of a mortar mix may be investigated further with
deposition device design modifications, such as tubing possessing internally-ribbed
walls or using a helical mechanism rather than a plunger within a reservoir cartridge.
These modifications would promote agitation of the material while flowing internally,
increasing shear rates, decreasing viscosity and thus improving workability and reducing
power demands.
Considering the suitable rheological and structural properties of mixes containing a
synergistic combination of pseudoplastic hydrocolloids, if the lateral in-flight trajectory
deviation of the UAV is kept within 4 mm (set to decrease further through continuing
iterative development), AAM with a miniature deposition device would be particularly
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suitable for precision repair work, especially at height. Considering the inherent dangers
of working at height and on structures subjected to high lateral wind-loading, this would
be a prime application for AAM. UAVs are capable of landing upon vertical surfaces in
addition to horizontal surfaces and an attached delta arm robot is capable of directing
the nozzle administering the material in addition to stabilising UAV trajectories during
flight.
Additionally, UAVs would be an appropriate solution for repairing infrastructure cracks
and potholes such as those in roads and pavements, reducing the requirement for
expensive labour and ground-based machinery in a sector where, in the developed




This study demonstrates that a miniature deposition system is capable of extruding
a pseudoplastic cementitious-polymeric composite structurally viable material with a
yield stress of 1.1 kPa, an elastic modulus below 10 MPa and ≈1700 kg/m3 while
powered by a UAV in flight. Cementitious binders were CEM I-based, augmented by
PFA and lignin-based plasticiser to aid workability.
An effective RMA was formed by combining hydroxyethyl methyl cellulose and xanthan
gum. This combination is capable of mitigating constituent segregation and providing
sufficient material buildability for multiple layer extrusion. Fine aggregate can be
used in low ratios and should consist of sand particles with a smoothed surface and be
accompanied by a foaming agent to maintain sufficient workability. The most important
dimensional parameter is the cross sectional area of tubing connecting a nozzle to the
reservoir cartridge tip, with a 4 mm radius being optimal for a miniature deposition
device.
The creation of cohesive structures with defined layers demonstrates the potential of
introducing a precision in-situ aerial capability to AM in the construction industry.
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robots
8.1 Commentary text
This chapter contains the author’s materials and deposition content which contributed
to the major project-wide collaborative paper submitted to the journal Nature,
contained in full as an appendix in this thesis. This paper covers practical workshops
featuring in-situ extrusion by flying drones and all partners involved in the AAM
project made a contribution. To observe the coordinated drones extruding material of
my design and manufacture was an enormously rewarding experience. The full paper
collectively took a year to write and, at the time of thesis submission, it had passed the
editorial panel stage and is currently undergoing peer review. This paper showcases
the world’s first object extruded by coordinated flying drones using structurally viable
cementitious material.
Material mixes continue the experimentation begun in chapter 7 with pseudoplastic
hydrocolloids as RMAs, to facilitate the required workability and buildability. Drones
are termed "unmanned aerial vehicles (UAV)", which is the preferred term of the author.
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8.3.1 Abstract
Aerial Additive Manufacturing (AAM) involves the autonomous deposition of structural
material using multiple flying unmanned aerial vehicles (UAV). This study showcases
the development of a novel cementitious-based composite material specifically for
AAM focusing upon polymeric Rheology Modifying Admixtures (RMA) being utilised
to reduce fine aggregate requirements and facilitate successful deposition. The
cementitious-polymeric composite material possesses densities ≈1700 kg/m3, 28-day
compressive strengths of 25 MPa and pseudoplastic properties in the fresh state, with
viscosity reducing by orders of magnitude while passing through deposition system
components. Mixes exhibited superior performance in mechanical and rheological
tests without fine aggregate, with buildability provided by a synergistic combination
of natural hydrophilic and synthetic hygroscopic polymers. A mix was successfully
extruded by multiple coordinated UAVs following programmed trajectories in an
intricate design and a 28-layer, 0.4 m diameter cylindrical object was created using
the material, which was not affected by UAV propeller downwash. The implications
of AAM for structural design are discussed. This study represents the world’s first
occurrence of the ’on-the-fly’ extrusion of a structurally viable cementitious material
using UAVs.




Aerial additive manufacturing (AAM) requires the miniaturisation of additive
manufacturing (AM) techniques in construction relative to ground-based methods
and the lightweight deposition system requires a cementitious-based material that
considerably deviates in water/binder ratio and mix constituent proportions from those
utilised in traditional mortars and ground-based AM studies.
The absence of traditional formwork, while bringing greater scope for freedom in
architectural design (Buswell et al., 2008), presents a major challenge in relation to
the engineering and development of materials (Marchon et al., 2018) for AAM. Freshly
mixed material is required to possess suitable rheological properties (Jiao et al., 2017;
Zhang et al., 2018a) and known curing or hydration timescales are needed (Bentz et al.,
2018). There can be high costs associated with raw materials, though in a construction
project this may be mitigated by integrating an AM approach for utilities and services
within the voids of a printed structure (Le et al., 2012) and the absence of formwork
material, which is costly in terms of materials, labour and time (Marchon et al., 2018;
Paul et al., 2018).
Concrete has featured as the material in the majority of research projects conducted into
AM construction. Concrete is the most widely used material in the world after water
and possesses a high-embodied energy reputation due to the burning temperatures
required to produce clinker, along with the enormous demand and volumes of material
used (Wangler et al., 2019). AM techniques are capable of reducing the amounts
of concrete required per project through innovative and efficient structural design and
reduction in material wastage using an additive approach. The carbon footprint can be
reduced further by using industrial by-products to augment the use of ordinary Portland
cement (OPC) in binder systems, such as pulverised fuel ash (PFA). It is desirable to
use a superplasticiser in cementitious mixes in order to reduce water/cement ratios,
increase early age strength and maintain workability, which is defined in this study by
the ability of a material to be pushed through and extruded from a deposition device.
Ground-based AM cementitious material studies include contour crafting (Khoshnevis,
2004; Khoshnevis et al., 2006) and concrete printing (Lim et al., 2012; Le et al.,
2012b), which both adhere to Fused Deposition Modelling (FDM) principals, the latter
of which has mixes containing sand:binder ratios in the region of 2:1 (with particle
sizes <=2mm), cement-augmenting additives silica fume and PFA, with water/binder
ratios reaching below 0.3 (Le et al., 2012). Polymeric-cementitious composites can take
the form of 3D-printable mortars with added polymeric fibres such as thermoplastic
polypropylene (Le et al., 2012).
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The following terms have been used by previous AM studies investigating
cementitious-based materials to create a structure using FDM principals: pumpability
(the ability of a material to be transported through a deposition process), extrudability
or printability (the ease by which a material may pass through the nozzle of a deposition
process), buildability (the ability of a freshly extruded material to retain its shape and
be able to support the weight from subsequently deposited layers) and open time (the
length of time during which the fresh properties of the material remain consistent prior
to hydration/curing) (Lim et al., 2012; Labonnote et al., 2016; Jiao et al., 2017).
For this study, pumpability, printability and extrudability will be encompassed by the
term workability. When considering the suitability of a cementitious-based material
for AAM, it must be recognised that key parameters workability (requiring liquid-like,
flowing behaviour) and buildability (requiring solid-like, elastic behaviour) directly
contradict each other and therefore a balance between the two parameters appropriate
for the deposition system must be achieved (Marchon et al., 2018).
With AM materials, there is a trade-off between workability and buildability, which
require contrasting rheological characteristics. The former requires low viscosities to
flow while the latter requires higher viscosities and yield stress to resist deformation.
Buildability is governed primarily by stiffness rather than strength (Bos et al., 2016).
Engineered mixes were required for AAM, resulting in material which differed from
both traditional construction concretes/mortars and ground-based AM mortars and
pastes. An emphasis was placed upon workability, as material must pass through the
lightweight deposition system while being powered by a flying UAV and require no
additional power source. An overview of AAM cementitious design requirements in
comparison to ground-based AM and traditional construction cementitious mixes is
presented in Table 8.1.
This study investigates fresh and cured properties of developed cementitious materials
and uses the mixes to extrude circular layers of material from flying unmanned aerial
vehicles (UAV). Tests on cured materials ascertain whether they are structurally viable.
Rheological flow and oscillation studies of fresh material form part of the fresh mix tests,
with yield stress, viscosity, complex modulus G* (quantification of stiffness) and phase
angle δ (quantification of viscoelasticity) all being important parameters in determining
whether a fresh material is suitable for AAM deposition.
Fresh material suitable for the deposition device required a high level of pseudoplasticity
with minimal thixotropic time-lag, leading to low viscosities while under stress within
the deposition system, yet swiftly returning to orders-of-magnitude higher viscosities
once deposited and at rest. Pseudoplastic Rheological Modifying Admixtures (RMA)
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Table 8.1: Overview of AAM cementitious material design requirements and
comparison with typical ground-based AM and traditional concrete materials.
OPC=ordinary Portland cement. PFA=pulverised fuel ash. RMA=rheology modifying
admixtures.
Constituent property AAM Ground-based studies Traditional
Coarse aggregate: OPC Not used Not used 3 : 1
Fine aggregate: OPC ≤2 : 5 2 : 1 3 : 1
OPC : PFA 65 : 35 65 : 35 65 : 35
Silica fume Not possible Can be used Can be used
Water/binder 0.47 0.3 0.5
Reinforcement Fibres Fibres, cables, filaments Steel rebar
Plasticiser % wt. binder 1.0 0.5-1.5 0.5-1.0
Pseudoplastic RMAs Essential Desirable May be used
Mix density (kg/m3) 1700 2000+ 2300
were utilised to influence workability (while in the deposition system) and buildability
(upon extrusion).
Curing times of fresh material present a major challenge. Once deposited, the material
should not significantly deform. In the absence of formwork, sufficient buildability must
be provided by either using the rheological properties of fresh deposited material, or
promotion of material hardening with an accelerating agent. Three key considerations
informed the decision in this study to focus upon the fresh rheological properties of the
material:
• The effectiveness of accelerating admixtures can be reduced or negated by
hydration-retarding RMAs with long polymer chains - this was evidenced with
a combination of aluminium lactate and diethanolamine being shown to be
ineffective (Chapter 7).
• Acceleration may occur too soon, while fresh material is still passing through a
deposition system, causing blockages, lost time and wasted material. This was
shown to be a risk with the effective Master X-seed accelerator (Chapter 7).
• To facilitate a quicker, more streamlined deposition process minimising energy
and power requirements.
The open time of a fresh mix is considered to be two hours.
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8.3.3 Materials experimental methodology
8.3.3.1 Deposition device
For an image of the deposition device, please refer to Figure 7-1. The cartridge and tube
dimensions are detailed in Table 8.2 and the mass of the deposition device components
are shown in Table 8.3. The vessels have a theoretical maximum volume of 310 ml,
but practically were considered to have a volume of 202 ml to allow for the insertion
of a 3D-printed tapered component at the base of the cartridge and plunger insertion
at the top of the cartridge.
Table 8.2: Dimensions of deposition device components.
cartridge internal diameter 47 mm
cartridge area 1735 mm2
cartridge full height 213 mm
cartridge theoretical volume 310 ml
cartridge practical volume 202 ml
Circular nozzle diameter 8 mm
Tube length 560 mm
Tube area 50.3 mm2
Tube volume 28168 mm3
Table 8.3: Mass of deposition device components.
Empty cartridge 44.4 g
3D printed tapered component 19.5 g
Empty 560 mm tube 29.6 g
Metal connecting components 46.2 g
Cable ties 0.3 g
Total 143 g
8.3.3.2 Constituent choice and mix manufacture
Figure 8-1a illustrates constituents investigated for this study, with apposite
constituents highlighted. The figure emphasises the importance placed upon
workability for UAV in-flight printing. Constituents which contribute to
higher-performance strength, such as silica fume and silica flour (Hilal, 2016), were
not used in this phase of UAV-printing experimentation, as the small (generally below
0.1µm) particles increase buildability with the filling of voids in material such as CEM
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I and sand, but reduce workability (Jiao et al., 2017). Equally, building sand with
angular particles and rough surfaces, promoting buildability, was not utilised.
The cementitious binding material was based upon CEM I (Dragon Alpha 42.5 R, bulk
density 900 - 1500 kg/m3, particle size: 5 - 30 µm) supplemented by type-F Pulverised
Fuel Ash (PFA, supplied by Cemex EN-450, bulk density 800 - 1000 kg/m3, particle size:
<45 µm) at a ratio of 65:35. PFA, a by-product of the coal industry (Hilal, 2016), was
added to both minimise carbon footprint and aid workability with a microstructure of
rounded particles (Jiao et al., 2017), along with contributing to strength (Hilal, 2016).
The lignin-based plasticiser used was ’Adoflow S’ manufactured by Adomix and the
foaming agent was manufactured by EAB Associates. The chemical composition of the
CEM I, determined by Rietveld quantitative phase analysis, is shown in Table 8.4.
Table 8.4: Rietveld quantitative phase analysis of the chemical composition of Dragon
Alfa CEM I 42.5 R Portland cement shown as a percentage by weight.
CEM I Phase % by wt.
Dicalcium silicate C2S 14.6
Tricalcium silicate C3S 71.5
Tricalcium aluminate C3A 7.27
Tetra-calcium aluminoferrite C4AF 4.46
Calcium sulphate phases 2.16
Contrasting with angular to sub-angular particle sand, sand designed for use in sporting
or outdoor recreational applications has generally smoother-surfaced particles and
was used in this study. The smooth sand (supplied by Argos, UK, product number
365/0574), was kiln dried at a temperature of 105°C prior to use for a period of twenty
four hours and possessed a loose dry density of 1450 kg/m3.
Based upon AAM trial mix formulations, it was considered that Hydroxyethyl
methyl cellulose (HEMC), a synthetic hygroscopic compound (Cano-Barrita and
Leon-Martinez, 2016) chemically derived from cellulose (Khayat, 1998), in the
formulations manufactured by Dow Construction Chemicals under the brand name
Walocel VP-M-7701, was an effective binding constituent. HEMC is a known
hydration rate retarder of di-calcium silicate and tri-calcium silicate (Cano-Barrita
and Leon-Martinez, 2016)), emphasising the strategy to focus upon open-time rheology
rather than acceleration. Xanthan gum, a hydrophilic native bio-polysaccharide derived
from the the bacteria Xanthomonas campestris (Casas, Mohedano and García-Ochoa,
2000) following an aerobic fermentation process (Cano-Barrita and Leon-Martinez,
2016), and manufactured by Minerals-water Ltd, proved an effective RMA.
Mixes were created in the laboratory using the following method:
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1. The dry constituents - cementitious binder of CEM I and PFA, fine aggregate
and rheological modifying admixtures - were added to the bowl of an automated
mixer and hand-mixed by spatula.
2. The water and plasticiser were then hand-mixed together and poured evenly over
the dry constituents.
3. The powered mixer beater was activated for three periods consisting of 30 seconds
of planetary motion at high speed, with 30 seconds of gathering and hand-mixing
using a spatula between powered mixing.
4. The foaming agent was added to water and a cordless automated frothing device
worked the foam for twenty seconds to the desired stiff-peak consistency.
5. Foam was added to the mixing bowl and two periods of mixing for 10 seconds on
a slow setting alternated with gathering and mixing the material by hand-held
spatula to work the foam into the cementitious mix ready for loading into the
310 ml capacity cartridge.
Mix 3 did not contain foaming agent and followed steps 1-3.
The temperature of the laboratory environment during mix manufacturing was 20°C
±3°C and the temperature of the water added to dry constituents was 16.5°C ±2°C.
8.3.3.3 Trajectory design
Trajectory design was informed by the following considerations:
• The lateral precision of the UAV during flight.
• The desire to create a lightweight, efficient and aesthetic design.
• The extent to which an extruded bead of material would deflect while spanning
voids in the previously deposited layer.
• The extent to which an extruded bead of material might settle when under
compressive loading from subsequently deposited layers.
Three designs, in which spans were kept to a minimum, were evaluated for the
28-layer printed structure:
1. A ’peano curve’ design, with alternate layers staggered in the circular centre-line
plane (Figure 8-2a, left).
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2. Four adjacent concentric circles effectively forming a solid wall (Figure 8-2a,
centre).
3. A hybrid design consisting of three non-adjacent concentric circle layers
alternating with an orthogonal ’ruffle’ design (Figure 8-2a, right).
8.3.3.4 Compressive and flexural strength
To investigate the impact upon mechanical strength of the additives, 28-day strength
tests were carried out to evaluate whether the mixes remained structurally viable. The
mixes were cast into 160 mm x 40 mm x 40 mm prisms. An Eberth 800 Watt mechanical
Concrete Vibrator with a 1.5 m Hose length and 35 mm steel-reinforced poker was used
for a period of 10 seconds to compact the mixes in the prism moulds. Compacted prisms
of the four mixes were tested in accordance with BS EN 12390-5:2009 (BSI, 2009), using
four-point bending tests to ensure failure by flexure rather than by shear using a 50 kN
Instron Universal 2630-120/305632 testing rig (Figure 3-5a). The samples were further
tested for compressive strength using an Automax 5 50-C46W2 device in accordance
with BS EN 1015-11:1999 (BSI, 1999) (Figure 8-4b).
8.3.3.5 Axial force and power requirements
To obtain the axial force required for the deposition device plunger to push
fresh material through the 310 ml cartridge and 560 mm length of tubing,
displacement-controlled force was applied at a constant rate of 5 mm/minute upon
the plunger using the 50 kN Instron Universal 2630-120/305632 device (Figure 8-5).
These tests quantified the range of force suitable for the current AAM deposition device,
presenting both the maximum force that the deposition device is capable of delivering
with the most buildable of the mixes (1 ), and the minimum force required by a
deposition device to deliver a workable mix with sufficient buildability (4 ). The greater
the force, the greater the axial compressive stresses the material is being subjected to
while in the cartridge. The compressive stress experienced by the material in the




Where F is the axial force and A is the cross sectional area of the cartridge.
Freshly mixed material was loaded into a 310 ml cartridge and processed using the
deposition device connected to a bench power supply. The location of the tube-end
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in three-dimensional space was controlled by hand. The voltage of the power supply
was maintained at a constant 12 V while current requirements were monitored. It was
expected that mixes with greater buildability would require higher power to process.
8.3.3.6 Rheology
Rheological tests were performed to quantify the pseudoplastic and viscoelastic
properties of the fresh mixes. The tests were conducted on a TA Instruments DHR2
rheometer at 25°C. Disposable aluminium flat plates with a 40 mm base plate and 25
mm diameter upper plate were used for oscillatory tests and a steel cross-hatched 40
mm base plate and upper plate were used to minimise slippage during flow tests. All
tests were performed with a geometry gap of 1 mm.
Firstly, displacement-controlled oscillatory tests were performed to ascertain the
visco-elastic properties as quantified by the phase angle δ (between 0° - 90°, with
0° being an ideal solid and 90° being an ideal liquid) and complex modulus G* with
the following components:
• Storage modulus G’, measuring the recoverable elastic deformation as a result of
stored energy, or ’solid-like’ behaviour
• Loss modulus G”, non-recoverable deformation due to viscous flow, or ’liquid-like’
behaviour, as the micro-structure breaks down.





Tests used an angular velocity of 5.0x10−5 radians per second to ensure the material
remained within the linear viscoelastic region. The frequency was 1 Hz with an angular
frequency of 6.28 radians per second. The tests were conducted over a period of two
hours, representing the open time of the fresh mixes.
Secondly, displacement-controlled logarithmic flow sweep tests were conducted at shear
rates between 10−3 s−1 and 103 s−1 to quantify the extent to which viscosity decreases
as shear rate increases. The greater the decrease of viscosity in relation to increased
stress (pseudoplasticity), the greater the relevance and suitability of the mix for AAM.
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For a Newtonian fluid, the shear rates experienced by the fresh material adjacent to
the wall of the deposition device cylindrical cartridge and tubing may be calculated





Where µ is the mean velocity of the flowing material and D is the diameter of the
cylinder. γ̇wN is the WSR for a Newtonian fluid and is multiplied by a correction
factor as shown in the adaptation of the Mooney-Rabinowitsch equation (Chhabra and
Richardson, 1999; Nguyen and Nguyen, 2012) below, in order to ascertain γ̇w, the WSR
















Where L is the length of the cartridge or tubing and ∆P is the pressure drop, or the
difference in pressure, between the inlet and outlet of the cartridge or tubing, which




Where Q is the volumetric flow rate occurring in the cartridge or tubing - the equation




The cartridge was held horizontally by the deposition device while attached to the UAV
and the length of tubing was horizontal for much of its length. Laminar flow and a
smooth wall for the cartridge and tubing were assumed. The shear rates experienced by
the flowing material through the deposition system components can be used to quantify
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the viscosity of the material as it changes due to the dimensions of the cartridge and
tubing. The flow resistance R encountered by fresh material while in the cartridge and




Where η is the viscosity of the material in the cartridge or tubing, L is the length and
r is the radius of the cartridge or tubing.
8.3.3.7 Settlement and deflection of fresh mixes
Following extrusion, material would be subjected to load from subsequent layers. To
quantify the extent that a freshly extruded bead of material might compress, or settle,
under the weight of subsequently added layers, 8 mm diameter beads of fresh material
were extruded on to a steel plate to a length of 80 mm. Tests continued at incremental
time intervals within an open time period of two hours. Beads were compressed at a
rate of 2 mm/min by an upper steel plate fixed to an Instron Universal 2630-120/305632
device parallel to the axis of the extruded bead. The force applied by a single subsequent
layer was taken as 0.06 N.
A model to predict sagging deflections can be created to show how a bead of extruded
material would be expected to sag when spanning supports consisting of material from





Where l = length of the bead between supports, w is the UDL loading, taken as 0.00060
N/mm to represent the self-weight of the extruded beam, I is the second moment of




Where σ = stress and ε = strain. I is taken to be that of a cylinder:
I = π4 r
4 (8.12)
Where radius r = 4 mm, therefore I is taken to be 201.1 mm4.
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8.3.4 Materials results
Figure 8-1 contains a comprehensive summary of the key results detailed in the result
subsections.
8.3.4.1 The four trial mixes
Four mixes, titled 1 -4, were identified as being suitable for UAV deposition. The most
workable mix 4 passed through the deposition device with relative ease while the most
buildable mix 1 challenged the capabilities of the deposition device. Mixes 2 and 3 were
within the boundaries of mixes 1 and 4. The mix constituents, in kg/m3, are detailed
in Figure 8-1b. Plasticiser content was maintained at 1% by weight of cementitious
binder in all four mixes.
8.3.4.2 Trajectories, lengths and 7-day compressive strength tests
Hand-printed arc specimens of the three trajectory designs - peano curve, solid wall
(concentric circles in full circular form) and hybrid (Figure 8-2a) - were tested for
7-day compressive strength. Dental plaster was applied to the hand-printed specimens
to create flat upper and lower surfaces for strength testing (Figure 8-2b,c), thereby
reducing stress concentrations due to an uneven surface. Mix 3, used for the 28-layer
object, was used for the tests. Testing of the specimens was carried out using an Instron
2630-120/305632 (Figure 8-2d) and Automax 5 50-C46W2.
Figure 8-2e shows the peano curve design requiring the least material: 5.85 m printed
length per two layers of the circular 28-layer structure, compared with 6.79 m for the
alternating layer ruffle design and 7.61 m for the solid wall design. The peano curve
design is structurally efficient, relative to the amount of material used, when compared
to the wall design - results indicated a mean 16.5 MPa for the peano curve design,
greater than 14.4 MPa recorded for the wall design. Length values were obtained by
software trajectory design (please refer to Appendix A). The peano curve design tests
possessed a significantly smaller coefficient of variation (3%) in comparison to the wall
(20%) and hybrid (11%) designs.
Though the hybrid design showed the greatest strength (Figure 8-2e), for every two
layers of the 28 layer object, the hybrid design would use 1 m more material, equating
to using an extra 14 m of 8 mm diameter beaded material for the whole object. On a


























































































0 10 20 30 40 50
(W/B 0.50, S/B 0.40)
(W/B 0.47)
(W/B 0.48)

































































































Figure 8-1: The four cementitious-polymeric composite mixes trialled with the UAV; 1
(green), 2 (orange), 3 (red) and 4 (blue), with mix 1 possessing the best buildability
(the ability of the material to retain shape and resist deformation following extrusion
due to subsequently deposited layers) and mix 4 the best workability (the ability of a
material to be pushed through and extruded from a deposition device).
a: Potential constituents plotted to show contribution to the properties of mixes.
Workability is considered to be the primary parameter, with the selected constituents
for mix formulation highlighted.
b: The full constituent specifications of mixes 1 -4 in kg/m3 to three significant
figures. Key: CEM1=Portland Cement, PFA=Pulverised Fuel Ash, Xan=Xanthan
gum, hemc=Hydroxyethyl methyl cellulose, Foam=EAB Associates foaming agent
mixed with water and brought to a stiff-peak consistency, Plast.=Adoflow ’S’ plasticiser.
Fresh mix densities: 1 : 1793 kg/m3, 2 : 1741 kg/m3, 3 : 1757 kg/m3 4 : 1760 kg/m3.
c: Viscosity flow profiles for mixes 1 -4 and viscosity values relating to the four mixes
while at rest, in the cartridge and in the tubing indicated.
d: Material properties of mixes 1 -4. Key: phase angle δ (°), complex modulus G*,
28-day compressive strength f28c, 28-day flexural strength f28f (all MPa) and the force
required to process the material through the deposition device and tubing (N), the
value shown on the figure being the true value divided by a factor of 10. Error bars for
compressive strength and flexural strength denote the standard deviation. Error bars
for the force required show the maximum and minimum values recorded while material
is being extruded, with the mean shown in the bar. Error values for δ and G* show the
maximum and minimum values recorded during the two hour period of the oscillation
tests.
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and a loss of logistical efficiency during multiple layer printing. The subsequent peano
curve pattern was designed to showcase enhanced UAV lateral precision capabilities and
serves to demonstrate the potential for high-precision construction work and bespoke,
innovative designs in AAM.
8.3.4.3 UAV flight tests and the 28 layer structure
The four mixes were capable of being extruded by the deposition device while operated
by hand. The most buildable mix, 1, was not successfully extruded by the device while
attached to, and powered by, the UAV in flight. Mixes 2, 3 and 4 were successfully
extruded during UAV flight. By inspection, extruded material was sufficiently viscous
and rigid to be unaffected by downwash from UAV blade rotation during flight. Mix 3
and the peano curve design were chosen for the 28-layer structure.
The full printed object can be seen in Figure 8-3. To the author’s knowledge, this is
the world’s first on-the-fly extrusion of a structurally viable cementitious material by
multiple UAVs.
Each layer involved the deposition of the rounded peano curve printing path resulting
in a deposition length of 2.975 m, which utilised the full capacity of the UAV material
payload and required material to be refilled between each layer. The velocity of the
UAV while printing the 28 layer circular structure was 10 mm/s and the plunger of
the deposition device was accordingly driven to deposit a 10 mm bead of material per
second, resulting in a flow velocity of the material of 0.294 mm/s in the cartridge and
4.44 mm/s in the flexible tubing. The volumetric flow rate Q can be calculated using
Q = V A (8.13)
Where V is the mean flow velocity and A is the cross sectional area of the containing
cartridge. Table 8.5 summarises deposition system printing velocities for the 28-layer
printed structure with an 8 mm diameter bead of material.
With each deposition cycle, a volume of material would be lost due to the nozzle,
internal space of the 3D-printed tapered component and 560 mm length of tubing. An 8
mm diameter nozzle equates to a ≈4000 mm maximum linear bead of extruded material
with each cartridge available, with a 10 mm bead of material printed per second.
Trajectory designs for printed objects were accordingly set at 3000 mm, allowing for















































Strength - 7 day compressive
Length of 4 full circular layers
Strength per linear cm - 2 layers
Figure 8-2: The three trajectories, lengths and strength tests. a: Autonomously UAV
printed circular specimens showing the three trajectory designs under consideration for
the 28-layer object - peano curve, solid wall and hybrid. b: Hand printed trajectories
featuring mix 3, peano curve (top), wall (centre) and hybrid (bottom). c: Specimens
coated in dental plaster ready for compression tests. d: Specimen shown during 7-day
compressive strength tests. e: Results showing the 7-day strength of the specimens,
the length of extruded material bead that would be required to print four layers of the
28-layer object and the strength of the design per printed length of material bead, with
the value for two layers shown (the two layer value is shown rather than one layer as
alternating layer values for the hybrid design differ). Error bars denote the standard
deviation.
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Figure 8-3: The extrusion, using Mix 3, by flying UAVs
Table 8.5: UAV powered deposition device printing velocities.
Printed length of material possible with cartridge practical volume 4020 mm
UAV velocity, length of material per second 10 mms−1
Length of printed trajectory per layer (including tails) 3000 mm
Time to continually print one layer 300 secs
Volume of material printed per second 0.5 mls−1
cartridge flow velocity 0.294 mms−1
cartridge volumetric flow rate Q 510 mm3s−1
Tube flow velocity 4.44 mms−1
Tube volumetric flow rate Q 223 mm3s−1
The layer trajectories included a ’tail’ to ensure deposition had begun prior to the
commencement of printing circular layers. Material left in the device once a layer had
been completed could be carried over to the next flight (with the exception of material
within the tubing), assuming that the subsequent flight occurred within the materials’
open time. Table 8.6 summarises UAV controlled flight printing logistical parameters
for the 28-layer printed structure with an 8 mm diameter circular bead of material.
8.3.4.4 28-day prisms Compressive and flexural strength
The flexural and compressive strengths, tested at 28 days, is shown in Figure 8-1d and
Figure 8-4. Coefficients of variation ranged from 1% - 5% for compressive strength
and 2% - 13% for flexural strength. Mix 3 possessed the highest flexural strength,
approaching twice that of the other three mixes. Mixes 3 and 4 possessed the highest
compressive strengths, showing structural viability of ≈25 MPa. These did not possess
fine aggregate, using the HEMC and xanthan gum combination to provide buildability.
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Table 8.6: UAV controlled flight printing logistics.
Printed line length of material per ml 19.9 mmml−1
Volume of material required to print 1 layer of the 28-layer structure 151 ml
Material guide density (minimum) 1.5 gml−1
Mass of material required to print a layer 226 g
Volume of material within the 3D printed tapered component 61.7 ml
Volume of the tube 28.2 ml
Volume of the metal connecting components and cartridge nozzle 2.97 ml
Volume of material lost every cartridge load 92.8 ml
Mass of material lost every cartridge load 139 g
Volume of material required per layer (accounting for lost material) 244 ml
Mass of material required per layer (accounting for lost material) 365 g
Total mass of cartridge fully loaded with material required for 1 layer 508 g
Total mass of cartridge fully loaded with material provided for 1 layer 630 g
Mass of material provided for 1 layer 487 g
Total mass of cartridge with remaining material post extrusion 414 g
Mass of material used per printed layer 216 g
Volume of material used per printed layer 144 ml
Mass of spare capacity material recoverable for the subsequent layer 132 g
Volume of spare capacity material recoverable for the subsequent layer 87.8 ml
Compressive strengths in the region of 25 MPa ensure that mixes 1, 3 and 4 are
structural materials and may be used as a material for compressive structural design
in larger scale structures.
8.3.4.5 Axial force and power requirements
The force and current required to push the material through the deposition device
cartridge, metal connectors and 560 mm of tubing is shown in Figure 8-1d and
Figure 8-5. Force and current requirements increased as the material passed through
the tubing and plateaued during extrusion, with Figure 8-1d showing the mean value
of the plateau range divided by a factor of 10.
The level of force required for material processing is between 350 N and 600 N. A mix
below this range, though easy to process, does not possess sufficient buildability. Mix
1, possessing sand and a greater quantity of xanthan gum than mix 2, required the
highest force and power to process. Mix 1 cannot be successfully extruded by the
UAV during flight, therefore it can be considered as a quantitative upper limit to the
extrusion capabilities of the deposition device. Using equation 8.1, these forces result
in the mixes being subjected to compressive stresses whilst in the cartridge ranging























Figure 8-4: Flexural and compressive 28-day strength tests. a) 4-point bending tests
on hydrated 160 mm x 40 mm x 40 mm prisms. b) Compressive strength tests on
hydrated prisms over a 100 mm x 100 mm area. c) 28-day compressive and flexural
test results with the error bars showing the standard deviation.
8.3.4.6 Rheology
Figure 8-1 shows the complex modulus G∗, phase angle δ (d) and viscosity profiles (b) of
the mixes. It can be seen that a cementitious-based material suitable for AAM should
possess a G∗ value ranging from 4 MPa to 9 MPa, with low phase angles indicating
elastic behaviour domination. Mix 3 has a higher G* value than mix 2, demonstrating
how the hydrocolloid combination contributes to the stiffness of the material. Error
bars in Figure 8-1d denote the maximum and minimum values recorded during the
two-hour oscillation tests.
All mixes exhibit pseudoplasticity and the shear rates equivalent to those experienced
by the material in both the 310 ml cartridge and 560 mm length of 8 mm diameter
flexible tubing of the deposition device are indicated on Figure 8-1c. The results
further quantify the buildability of mix 1, possessing the highest viscosity, and the



























Figure 8-5: Axial force tests on fresh mixes. a) Experimental rig showing the direction
of movement from the plunger pushing the material through the cartridge and attached
tubing. Materials were tested immediately following mixing. b) Results for mixes 1 -
4 showing both the force required to process the mixes upon the test rig shown in (a)
along with the current required for the deposition device power supply to extrude the
mixes. Mean results along with upper and lower ranges of values recorded during the
extrusion ’plateau’ are shown in the figure.
or subject to low stress, reducing to 102 Pa.s while subjected to stress comparable to
those experienced by material moving through the tubing of the deposition device.
Table 8.7 summarises the fresh mix flow and shear rates equivalent to those encountered
by mix 3 while moving through the deposition device cartridge and tubing. The
viscosity reduces by two orders of magnitude while in the tubing in comparison to
the cartridge.
8.3.4.7 Settlement and deflection of mix 3
The forces indicated horizontally on Figure 8-6a correspond to the load provided by the
deposition of 1, 5, 10 and 20 subsequent layers. As an example, it would be expected
that a bead of material extruded from the deposition device in flight 10 minutes after
mixing completion would settle by 0.5 mm when subjected to loading equivalent to 5
subsequent layers, rising to 1.1 mm when subjected to 10 layers.
Predictions are shown in Supplementary Figure 8-6b for beads of material deposited
after 10, 60 and 110 minutes spanning supporting material 10 mm, 20 mm and 30 mm
apart. As an example, a bead of material deposited 10 minutes following the completion
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Table 8.7: Summary of the shear rates experienced by mix 3 while printing the 28 layer
structure, the effects upon viscosity and resistance to flow of the cartridge and tubing.
Mix 3 cartridge Tubing Units
Mean flow velocity µ 0.294 4.44 mms−1
Diameter D 47 8 mm
Length L 213 560 mm
Radius r 23.5 4 mm
Volumetric flow rate Q 510 223 mm3s−1
Shear rate (Newtonian) γ̇wN 0.05 4.44 s−1
Pressure drop ∆P 0.267 5519 Nmm−2
Wall stress τw 0.015 19.71 Nmm−2
Shear rate (non-Newtonian) γ̇w 0.077 8.26 s−1
Viscosity η 52000 140 Pa.s
Resistance to flow R 92 780 Nmm−1s−1
of mixing would be expected to vertically deflect (sag) 0.17 mm when spanning 10 mm,
rising to 2.4 mm when spanning 20 mm and in excess of 10 mm when spanning 30 mm.
a b
Figure 8-6: Settlement and deflection of mix 3, used for 3D-printing the 28-layer
structure. a) Settlement of an 8 mm diameter freshly extruded bead of mix 3 shown
at incremental ages following mixing of 10, 60 and 110 minutes. b) Prediction of




A cementitious-based AAM material should achieve a balance between workability
and buildability without compromising strength. This presented a challenge as
AAM involved the miniaturisation of AM material deposition techniques relative
to ground-based methods. It can be reasoned that the primary parameter for
AAM is workability - if material cannot pass through the full lightweight deposition
system while powered by a UAV in-flight, it cannot be considered suitable for
AAM. The deposition system thus required a cementitious-based material with higher
water/binder ratios (detracting from strength) and lower fine aggregate/binder ratios
(detracting from buildability) than traditional mortars and material used in grounded
Fused Deposition Modelling-based AM studies.
The HEMC and xanthan gum RMA combination is clearly capable of defining and
providing the required buildability in a mix suitable for AAM. The two products,
which can be considered compatible and synergistic, exercised influence over both
workability and buildability, depending upon the level of stress experienced by the
material. This synthetic hygroscopic and natural hydrophilic polymeric hydrocolloid
combination was utilised in every mix trialled with the UAV, effectively resulting in a
cementitious-polymeric composite material for AAM.
This novel combination of pseudoplastic hydrocolloids was required to provide
the desired shear-thinning properties required by AAM, to a level beyond that
required simply to mitigate constituent segregation. To the author’s knowledge, this
combination of natural hydrophilic (xanthan gum) and partly-synthetic hygroscopic
(HEMC) hydrocolloids demonstrated in this study has not been used in any previous
AM cementitious-material investigation. All four mixes trialled were unaffected by
UAV rotor downwash.
The rigid molecules of xanthan gum, which are typically in groups of double helixes,
stretch, entwine and aggregate at low shear rates (Cano-Barrita and Leon-Martinez,
2016) to the extent of being able to provide sufficient buildability in mix 3 without the
requirement for fine aggregate. The molecular aggregation breaks down when subjected
to high shear rates, resulting in molecules aligning with flow direction and a reduction
in viscosity (Cano-Barrita and Leon-Martinez, 2016). However, the behaviour of mix 3
once deposited demonstrated the extent to which the particles are clearly able to lock
together again rapidly once the material was at rest. Viscosity at rest is five orders of
magnitude higher than viscosity in the tubing. This behaviour is highly appropriate
for AAM.
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The mixes containing sand, 1 and 2, possess lower compressive and flexural strengths
than the sand-free mixes 3 and 4. Clearly, the presence of sand can be considered
a deficiency, imparting a greater negative effect upon strength than the cellulose and
xanthan gums, a higher proportion of which are contained in mixes 4 and 3. Xanthan
gum is long established in the pharmaceutical, food, cosmetics and oil industries (Casas,
Mohedano and García-Ochoa, 2000), but not to the same extent in digitally fabricated
cements and mortars. However, it is submitted by this research that xanthan gum is
suitable for a structural AAM material and the HEMC-xanthan gum combination does
not categorically compromise structural viability.
To place the viscosity results in context, a more conventional mortar would be in
the range of 107 Pa.s to 109 Pa.s and honey is typically 10 Pa.s. Therefore, these
highly pseudoplastic mixes are comparable to mortars while at rest and approaching
a honey-like viscosity at shear rates in the region of 102 s−1, further highlighting the
suitability of the material for AAM.
It can be reasoned from laboratory results and the UAV flights that fine aggregate
is not required at all for AAM, and moderate further increases in the use of the
HEMC-xanthan gum combination can be used to provide increased buildability. The
use of fine aggregate in sand/binder ratios in excess of 0.25 also required the use of
a foaming agent to provide sufficient workability. Removing fine aggregate removes
the need for foam, significantly decreasing mix preparation time, improving processing
logistics and increasing productivity.
Mixes 1 and 2 required the most axial force in order to be processed through the
deposition system and as a result, experienced greater compressive stresses. Increased
stress encourages particle segregation and while this would be mitigated by the presence
of the HEMC and xanthan gums, it is certainly categorically desirable to minimise
the force required for the deposition process. Less force equates to less power being
required, reducing demand on the UAV power source during flight.
The cured mortar mixes exhibit brittle flexural failure. Further investigation focusing
on introducing an element of ductility into the mixes using polymeric fibres as a
substitute for traditional steel bar reinforcement is to be undertaken. Fibres provide
resistance to crack propagation and hold hydrated material together whilst subjected
to loading, thus introducing ductility into the method of failure. Mix 3, without sand,
should be used to investigate the quantity of fibres suitable for AAM, as there is scope
to add further buildability without excessively compromising workability.
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A problem encountered during UAV printing was the presence of air voids in the
material and deposition system, leading to gaps in the printed material accompanied by
excessive deposits of material deviating from lateral trajectories during layer deposition.
Measures were taken during the printing of the 28-layer structure to minimise the
presence of air voids:
• Choice of material: Mix 3 did not contain foam and was less challenging to
hand-compact once loaded into the cartridge than mixes containing the foaming
agent.
• Drilling 1 mm - 2 mm diameter holes in the side of the vessels above the loaded
material line, to allow trapped air to escape as the plunger descended.
• Prior to attachment to the UAV, a loaded cartridge was weighed to ensure a
value of ≈ 630g - a greater quantity of material than required for one layer, but
indication of maximum hand-compaction.
The importance of compaction and density cannot be overstated and ensuring that
the density of the fresh material in the cartridge is in excess of 1700 kg/m3 will
result in a deposited material with structurally viable compressive strength. Future
UAV flight trials should incorporate mechanical compaction of material once loaded
into the cartridge (47 mm internal diameter) using the concrete poker described in
section 8.3.3.4 (35 mm diameter) as part of the material preparation procedure, prior
to deposition device attachment to the UAV. Mechanical vibration proved effective in
compacting the material for strength test prisms. It would remove voids and ensure
maximum material density in the loaded cartridge pre-flight.
Ground-based AM studies feature mixes closer to traditional mortars due to the use
of larger hardware with metallic components, pump mechanisms and higher power
consumption. The AAM project utilises a miniaturised extrusion-based deposition
process. Multiple agents are required to accelerate construction due to payload
restrictions, with each agent carrying small quantities of material. Crucially, AAM
material must be less dense than traditional and ground-based AM mortars to facilitate
the required workability while fresh for a miniature deposition device light enough to be
carried by a flying UAV, yet remain structurally viable in compression once hydrated.
Considering potentially suitable architectural and structural designs for miniaturised
AAM, lightweight dome structures would be a suitable option. Gravity, thrust and
circular forces acting in domes result in compressive forces in the structure which the
material must withstand (Analysis of domes - Domes of different geometries, 2019).
Denser, high performance strength concrete generates higher compressive forces within
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the dome yet possesses high compressive strength which would allow less material to be
used. Lighter, less dense AAM material which possesses good workability in the fresh
state reduces compressive forces present within domed structures, while maintaining
compressive structural properties.
Reinforced concrete is one of the major materials used for dome structures (Narayanan,
2006). Reinforcement in AM construction is a major challenge. Fibrous content as a
substitute for traditional steel rebar is a subject of ongoing research throughout all
AM cementitious research projects. For AAM and the realisation of a future domed
structure, chopped fibres can be incorporated into fresh cementitious mixes without
fine aggregate and are a viable approach to introduce an element of reinforcement as
the technology develops further.
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8.3.6 Conclusions
It can be concluded that UAVs in flight, carrying miniaturised lightweight
deposition devices, are capable of extruding a pseudoplastic, structurally viable
cementitious-polymeric composite material with densities ≈1700 kg/m3. The material
mix can omit fine aggregate, as appropriate rheological properties for fresh mixes can
be provided by the synergistic combination of hygroscopic synthetic and hydrophilic
natural polymeric hydrocolloids. Material can possess a 28-day compressive strength
of 25 MPa and a complex modulus of 4 MPa - 9 MPa quantifies the rigidity of suitable
fresh mixes. Viscosities are in the order of 107 Pa.s once extruded, reducing to 102 Pa.s
while passing through the deposition device.
It has been demonstrated that the material developed in this study can be extruded
to an intricate peano-curve design without being affected by propeller downwash.
The 28-layer printed structure represents the world’s first on-the-fly extrusion of a
structurally viable cementitious material by multiple UAVs.
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Cement-fibre composites for additive building
manufacturing.
9.1 Commentary text
It has been shown in chapter 8 that a pseudoplastic composite cementitious material
with suitable workability and buildability could be extruded by a 310 ml cartridge
capacity deposition device while attached to a flying drone. The remainder of the
cementitious materials work on this PhD aimed to improve the material on two
important levels:
• Promoting rapid acceleration and a reduced, known curing time. This was
investigated with the addition of calcium aluminate cement to mix formulation,
detailed in the final journal paper of the thesis contained in chapter 10.
• Adding fibres to act as an element of reinforcement, increasing ductility in the
material, reducing crack propagation and improving tensile capacity.
This chapter contains two published conference papers concerning the introduction of
fibres into the cementitious matrix merged into a single document. As with chapter
5, the term "additive building manufacturing" was used, as this chapter also makes
no explicit reference to drones, or the use of them to 3D-print cementitious structures
(thus allowing publication prior to that of the journal paper in Chapter 8). Parts of
the laboratory experimentation were conducted concurrent to the project workshops
involving the drones. At the time, the 310 ml capacity deposition devices were being
used for the drone activities, hence the use of the 60 ml cartridge capacity device in
this chapter.
It was decided to focus on chopped fibres added as part of the fresh cementitious mix,
as the AM alternative approach of depositing a continuous filament would require an
additional drone and thus extensive time to develop the programming and coordination
aspects of such an operation.
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A further option for reinforcement would be to have an additional drone place a
small-diameter reinforcing bar on top of an extruded layer. However, this is considered
to be conceptually contradictory to the mission statement of the AAM project which is
building on-the-fly, extruding material in-situ and not picking up and placing elements.
In this chapter, hydroxyethyl methyl cellulose (HEMC) is referred to as "cellulose
gum". The methodology, results and discussion sections are split into two phases, with
phase one covering polypropylene (PP), alkali-resistant glass (ARG) and polyvinyl
alcohol (PVA) fibres. Phase two continues with PVA and adds aramid, kevlar and
banana fibres to the investigation. Following the fibrous investigations, the use of PVA
fibres (the preferred choice of this author) continued into the next and final phase of
experimentation in this thesis - the development of a fibrous calcium aluminate cement
system for AAM (chapter 10).
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9.4.1 Abstract
The fused deposition principal of additive manufacturing (AM) involves the deposition
of a material one layer at a time allowing the creation of an object from a
3D digital design. The associated reduction in the amount of waste material
produced offers benefits and over the last decade, investigations have been carried
out using cementitious materials for additive building manufacturing (ABM) within
the construction industry. Central to the profile of the technology increasing within
the industry is the development of a suitable cementitious material which may be
deposited without formwork. Research currently consists of ground-based gantry, or
robotic arm methods which can be single or multi-agent. This paper presents the
development of fibrous cementitious mortars and pastes suitable for a miniaturised
deposition system designed for use in a multi-agent AM approach. Cementitious
materials are typically brittle, requiring reinforcement to reduce cracking, provide
tensile and flexural capabilities. Reinforcing steel bars are not naturally compatible
with AM and chopped fibres are considered as a viable alternative. Synthetic polyvinyl
alcohol (PVA), polypropylene, alkali-resistant glass, aramid and kevlar fibres, along
with natural fibres from the banana plant, were investigated to evaluate contributions
to the workability, buildability, mechanical strength and failure mechanisms of the
cementitious composite material. The addition of fibres to a cementitious matrix
results in compressive and flexural strength increases and transforms the method of
failure from brittle to ductile. Results suggest chopped PVA and kevlar fibres are
suitable for a composite cementitious material specifically designed for a multi-agent,
miniaturised deposition approach for ABM.
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Abbreviations
ABM Additive Building Manufacturing
AM Additive Manufacturing
ARG Alkali-Resistant Glass
CNP Could not process
DC Direct Current








SEM Scanning Electron Microscope
V Volts
W Watts
Keywords: Additive building manufacturing, cementitious materials, fibres, strength,
failure mechanism, crack resistance, miniature deposition device.
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9.4.2 Introduction
Research into the use of cementitious materials in additive manufacturing (AM, often
referred to as ‘3D printing’) has developed considerably over the past decade, with
an estimated thirty projects worldwide investigating 3D printing with material of a
cementitious nature for building and civil use in the construction industry (Buswell
et al., 2018). The majority of projects are based upon the AM principal of fused
deposition modelling (FDM), which involves the extrusion of a suitably viscous-like
material through a nozzle to create an object one discreet layer at a time (Kalsoom,
Nesterenko and Paull, 2016), without the use of supporting formwork.
This additive approach, which only uses material specifically required, is in stark
contrast to the traditional subtractive methods (Buswell et al., 2007) employed in
the conservative and risk-averse construction industry (Arora et al., 2014), in which
AM technology is still in a relative state of infancy (Bos et al., 2016).
A cementitious material suitable for AM must possess an appropriate balance between
‘pumpability’ (the ability of a fresh mix to move through a deposition system),
‘printability’ (the level of ease at which material passes through a nozzle) and
‘buildability’ (the ability of freshly deposited material to retain shape following
extrusion and when subjected to load from subsequent layers) (Le et al., 2012). In this
study, ‘pumpability’ and ‘printability’ will be encompassed by the term ‘workability’.
A workable mix requires liquid-like behaviour and low viscosity, whereas a buildable
mix exhibits more solid-like behaviour and high viscosity.
AM research studies have involved different deposition approaches. Equipment could
be of building envelope scale, housed on a large frame or gantry, with examples being
concrete printing, developed at Loughborough University, UK (Le et al., 2012; Lim
et al., 2012) and Contour Crafting, developed at the University of Southern California,
USA (Zhang and Khoshnevis, 2013). A further method is the use of a large compound
robotic arm with multiple degrees of freedom, which could be stationary, or mobile
on a moving platform, an example being the digital construction platform project
developed by the Massachusetts Institute of Technology, USA (Keating et al., 2017).
Another possibility is the use of smaller, coordinated multiple mobile agents.
When investigating the suitability of a cementitious material for ABM, a further
consideration is that of ductility (Bos et al., 2017). Concrete is weak in tension and
prone to brittle failure (Soltan and Li, 2018), with design traditionally focusing upon
compressive strength and the use of structural steel reinforcement to carry tensile forces
and facilitate ductile failure (Bos et al., 2017). Considering the use of multiple smaller
robots in AM construction, and the inherent relative miniaturisation of the deposition
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process required, traditional steel rebar is not naturally compatible. Indeed, rebar may
be detrimental to an AM construction procedure (Asprone et al., 2018). Alternative
options to integrate reinforcement must be investigated to increase tensile capacity and
resist drying shrinkage and crack propagation. Options include fibrous reinforcement
as part of the cementitious mix, automated placement of passive reinforcement during
deposition or digital fabrication post-deposition (Asprone et al., 2018).
This study investigated multiple types of chopped fibres, adding them in differing
quantities to a cementitious paste mix suitable for a miniaturised AM extrusion process.
The experimental work is presented in two phases. Phase one covering polypropylene
(PP), 17%+ zirconia alkali-resistant Glass (ARG) and polyvinyl alcohol (PVA) fibres,
while phase two continues with PVA fibres and adds natural, untreated fibres from
the banana plant along with synthetic aramid and kevlar fibres to the investigations.
Workability, buildability, morphology, mechanical properties and failure mechanisms
of the fibrous cement pastes were evaluated for suitability with a miniaturised AM
process.
Fibre volume fraction affects the properties of hydrated cementitious materials. Fibrous
concrete with a low volume fraction (0.1% - 1%) has been used for controlling plastic
shrinkage and resisting crack propagation, whereas high fibre volume fraction concrete
improves mechanical properties and crack resistance. However, high volume fraction
materials present challenges regarding workability (Noushini, 2013; Noushini, Vessalas
and Samali, 2014). In this study, fibres were therefore added at volume fractions <1%
in order to maintain workability through a miniature syringe-based deposition system.
The failure mode of extruded cement-fibre composites is dependent on the critical fibre
length. Fibre pull-out will take place when the average fibre length provided in the mix
design is less than the critical fibre length. Depending on the fibre/matrix interfacial
strength, fibre rupture will occur as a primary failure mode if the average fibre length
is longer than the critical length (De Koker and Van Zijl, 2004).
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9.4.3 Phase one - Polypropylene (PP), alkali-resistant glass (ARG)
and polyvinyl alcohol (PVA)
9.4.3.1 Phase one: Materials and Methodology
The geometrical properties of the PP, ARG and PVA fibres used in this phase are
presented in Table 9.1.
Table 9.1: Properties of the PP, ARG and PVA fibres.
Fibre Length Diameter Density
(mm) (µm) (g/cm3)
PP 19 40 0.9
ARG 13 580 2.7
PVA 12 350 1.3
The cementitious matrix for the test specimens was based upon CEM I (Dragon Alpha
42.5 R, bulk density 900 - 1500 kg/m3, particle size: 5 - 30 µm), supplemented by
type-F Pulverised Fuel Ash (PFA, supplied by Cemex EN-450, bulk density 800 - 1000
kg/m3, particle size: <45 µm) at a ratio of 65:35. Adoflow ‘S’ plasticiser was used to
aid workability, and a fine aggregate formed of kiln-dried angular-particle sand, with
a maximum particle size of 2 mm, was added. The chemical composition of the CEM
I, determined by Rietveld quantitative phase analysis, is shown in Table 9.2. Ten
different mixes were formulated, comprising a control mix - which contained no fibres
- and three mixes of each fibre (PP, ARG and PVA) at 1.2 kg/m3, 2.4 kg/m3 and 3.6
kg/m3 quantities as shown in Table 9.3.
Table 9.2: Rietveld quantitative phase analysis of the chemical composition of Dragon
Alfa CEM I 42.5 R Portland cement shown as a percentage by weight.
CEM I Phase % by wt.
Dicalcium silicate C2S 14.6
Tricalcium silicate C3S 71.5
Tricalcium aluminate C3A 7.27
Tetra-calcium aluminoferrite C4AF 4.46
Calcium sulphate phases 2.16
A sand/binder ratio of 1:1, water/binder ratio of 0.44 and plasticiser content of 1% by
mass of binder were kept consistent throughout the mixes. The angular/sub-angular
particle sand (supplied by Jewsons, UK, product number AGSTB003), was kiln dried at
a temperature of 105°C for a period of twenty four hours prior to sieving and possessed
a loose dry density of 1600 kg/m3. The temperature of the laboratory environment
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during mix manufacturing was 20°C ±3°C and the temperature of the water added to
dry constituents was 16.5°C ±2°C.
Mechanical test specimens were cast in 160 mm x 40 mm x 40 mm prisms, cured
and tested in accordance with BS EN 1015-11:1999 at both 7 days and 28 days to
attain compressive and flexural strengths using an Instron Universal 2630-120/305632
machine (BS EN 1015-11:1999, 2006).
Fresh mix workability and buildability was evaluated using a miniature syringe-based
deposition device capable of drawing up and extruding the material. The device
consisted of one 60 ml concentric luer-loc syringe, with plunger movement in both
directions actuated by a powered miniature 6 V DC brushed motor (Dams et al.,
2017b). Each mix detailed in Table 9.3 was drawn up using the syringe device and
extruded from the syringe in circular layers through an 8 mm diameter circular nozzle.
Workability is defined by the level of ease at which the device could draw up and
extrude the material, quantified by the electrical current used (also shown in Table 9.3).
Buildability can be defined by the number of cohesive extruded layers produced and by
inspection, the ability of the material to retain its shape upon deposition and respond to
the weight of subsequently extruded layers, without deformation leading to instability.
Table 9.3: Mixes with fibre volumes and the range of current required for intake and
extrusion by the syringe deposition device. Mixes PP 3.6 and PVA 3.6 were the least
workable and could not be processed by the device (indicated as NP).
Mix Fibre volume Current required
ID (%) (mA)
Control - 58-63
PP 1.2 kg/m3 0.11 65-75
PP 2.4 kg/m3 0.22 70-91
PP 3.6 kg/m3 0.33 NP
ARG 1.2 kg/m3 0.07 58-66
ARG 2.4 kg/m3 0.14 60-68
ARG 3.6 kg/m3 0.21 60-66
PVA 1.2 kg/m3 0.04 59-77
PVA 2.4 kg/m3 0.08 65-81
PVA 3.6 kg/m3 0.12 NP
The surface morphology of the fibres and fracture surface of the specimens following
mechanical testing (at 28-day strength) was investigated using a JEOL SEM6480LV
Scanning Electron Microscope (SEM). Magnifications of 1000x and 43x were used
for the bare fibres and the fracture surfaces respectively. A 10 nm coating of gold
was sputtered onto to the samples immediately prior to insertion into the microscope
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chamber to prevent charging and increase signal-to-noise ratio. Fibrous specimens were
also examined by inspection upon completion of flexural strength tests.
9.4.3.2 Phase one: Results and Discussion
Figure 9-1 illustrates the 7-day and 28-day compressive (top) and flexural strengths
(bottom) of the fibrous and fibre-free control mixes. Coefficients of variation for
compressive strength ranged from 1% - 8% for 28 days and 4% - 19% for 7 days,
with the exception of 7-day Polypropylene 2.4 kg/m3 (23%). Coefficient of variations
for flexural strength were 5% - 14% for 28 days and 2% - 20% for 7 days. ARG and
PVA fibre mixes remained competitive with the fibre-free control mix with regards to
compressive strength and both ARG and PVA fibres improved flexural strength and
provided resistance to crack propagation.
Figure 9-2 shows modes of failure following flexural strength tests. The control mix
exhibited brittle failure with the specimen fully splitting into two (a), while fibres aided
resistance to crack propagation (b). PP fibres failed by pull-out (c) and ARG fibres
failed by rupturing (d). PVA fibres observed failed by pull-out. PVA and ARG fibres
possess higher tensile strength than PP fibres, resulting in a higher flexural strength
in the mortar material, but the pull-out failure mechanism of PP fibres displays the
most ductile behaviour. All three fibres provided resistance to crack propagation and
prevented the specimen from breaking cleanly into two.
Figure 9-3 displays SEM images of the fibres (a-c) and fibres contained within the
cementitious mortars, post-flexural testing (d-f ). The PP fibres have a smooth
appearance (a), the ARG fibres consist of groupings of silica strands with a void clearly
visible (b) and the PVA fibres have a notably rougher surface, with a hook-like feature
visible (c). A void is indicated to the top-right PP specimen image d, where PP fibres
have been pulled out of the mortar matrix during the flexural tests, whereas e and f
show ruptured ARG fibre strands and a PVA fibre respectively.
It can be reasoned that PP is more prone to pull-out because the smooth surface of the
fibre strands is not conducive to providing good anchorage within the mortar matrix.
Conversely, the less smooth surfaces of ARG and PVA, with its hook-like features,
provide stronger anchorage within the mortar.
As expected, the inclusion of all three fibres detracted from workability but aided
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Figure 9-1: 7-day and 28-day compressive (top) and flexural (bottom) strengths of the
mixes. 1, 2 and 3 refer to the 1.2, 2.4 and 3.6 kg/m3 fibre fractions in the respective
mortar mixes (shown in Table 9.3). ‘none’ indicates the fibre-free control mix. Error






Figure 9-2: Modes of failure, a) prism without fibres breaking into two. b) PP specimen
resists crack propagation. c) PP fibre failure mechanism (pull-out). d) ARG fibre failure
mechanism (ruptured fibre strands).
required to draw-up and extrude the mix increases. However, without fibres, extruded
circular layers quickly became unstable under their own weight and collapsed when
subjected to subsequent layers – whereas fibre addition aided layer stability.
Mixes were extruded, with beads of 8 mm diameter, in 5 cm diameter circles.
Figure 9-4 shows extruded samples of (a) fresh mixes without fibres (‘control mix’),
(b) PP1.2, (c) ARG1.2 and (d) PVA1.2, with PVA fibres providing the most coherent
and stable extruded layers. With mix PVA2.4, six stable layers were achieved (the
highest quantity, thus highest buildability), while five stable layers were achieved
with PP2.4, ARG2.4 and ARG3.6. This contrasts with the high workability, low
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Figure 9-3: SEM images of the fibres prior to testing (a-c) and broken fibres within
cementitious matrices following 28-day flexural strength tests (d-f). Images a-c were at
x1000 magnification, d-f at x43 magnification. (a,d) PP, (b,e) ARG and (c, f) PVA. A
void is visible in d, the result of a PP fibre failing by pull-out.
a b c d
Figure 9-4: Buildability tests with circular layers extruded from the syringe device,
a) control mix, b) PP1.2, c) ARG1.2 and d) PVA1.2. PVA fibres provided the most
buildable mixes. Extruded beads are 8 mm in diameter and circles are 5 cm diameter.
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9.4.4 Phase two - Polyvinyl alcohol (PVA), aramid, kevlar and ba-
nana plant
9.4.4.1 Phase two: Materials and Methodology
Phase two increased fibre volume fractions in relation to phase one, but remained below
1%. PVA fibres (supplied by Flints Theatrical Chandlers, London) were uniformly
cut to a length of 12 mm as part of the manufacturing process, whereas the aramid,
kevlar (both supplied by Easy Composites, Staffordshire) and banana fibres (supplied
by Moomin, UK) were hand-cut to a length of 12 mm ±5 mm from bulk quantities.
Kevlar is a type, or brand name, of the synthetic fibre class aramid, which is based
around a chemical reaction between an amine group and a carboxylic acid halide group.
In this study phase, woven fibre strands kevlar tex 40, supplied in sewing reel form,
are termed ‘kevlar’ and dtex 1600 yarn, manufactured as strands of unwoven fibres, are
termed ‘aramid’. Fibre properties are presented in Table 9.4. Kevlar fibres were the
most expensive option, with banana and PVA the least.
Table 9.4: Properties of the fibres. Please refer to Figure 9-9 for macro-images.
Fibre Length Diameter Density
Type (mm) (microns) (g/cm3)
PVA 12 280-350 1.29
Aramid 12 ±5 12-14 1.40
Kevlar 12 ±5 210 (thread) 1.40
Banana 12 ±5 35-50 1.35
Nine mixes were formulated for the experiments – a control mix without fibres and the
four fibres each added at 0.35% and 0.75% by mix volume. The cementitious matrix
was based upon Dragon Alfa CEM I 42.5 R Portland cement blended with Cemex
EN-450 pulverised fuel ash (PFA) in a respective ratio of 65:35 (refer to Table 9.2 for
CEM I composition). Cellulose gum and a lignin-based plasticiser were added to aid
both workability and buildability. Coarse aggregate is inherently incompatible with
the miniaturised system. Fine aggregate is possible, but this study focused upon fibre
concentrations and fine aggregate was not used. A water/binder ratio of 0.46 and
superplasticiser content of 1% by mass of binder were kept consistent throughout all
mixes. Prisms for mechanical tests were cast in 160 mm x 40 mm x 40 mm moulds,
cured and tested in accordance with BS EN 1015-11:1999, at both 7 days and 28 days,
to attain compressive and flexural strengths with the use of a 50 kN loading capacity
Instron Universal 2630-120/305632 device. Laboratory conditions were the same as for
phase one.
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Workability and buildability of freshly mixed pastes were evaluated using an adapted
miniature syringe-based deposition device (Figure 9-5). The device consisted of one
60 ml, 27 mm internal diameter concentric luer-loc syringe, with plunger movement in
the vertical direction actuated by a 6 V DC brushed motor (Dams et al., 2017b). Each
mix was injected into the 60 ml syringe through a circular aperture thereby allowing
subsequent extrusion through an 8 mm circular nozzle and an 80 mm length of 8 mm
internal diameter flexible PVC tubing. This allowed extrusion of a smooth bead of
material in four circular layers.
Workability is again defined by the level of ease at which the deposition device could
extrude the fresh mix, as quantified by the electrical current required, with buildability
defined by the ability of the extruded fresh mix to retain its shape and resist excessive
deformation when subjected to loading from subsequent layers.







6V DC power supply
Syringe insertion and 
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30 mm
Figure 9-5: Adapted automated deposition device facilitating swift removal and
insertion of syringes.
Fibre morphology and fracture surfaces of the tested flexural specimens (at 7-day
strength) were again investigated using a JEOL SEM6480LV scanning electron
microscope (SEM). Magnifications of 1000x and 43x were used for the fibres and the
flexural prism fractured surfaces respectively. A gold coating of thickness 10 nm was
also applied to the SEM samples immediately prior to insertion into the microscope
chamber in order to prevent charging and increase signal-to-noise ratio.
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9.4.4.2 Phase two: Results and Discussion
Figure 9-6 shows 7-day and 28-day compressive and flexural strengths. Coefficients
of variation for compressive strength were low, ranging from 3% - 7% for 28 days
and 3% - 10% for 7 days. Coefficients of variation for flexural strength exhibited
greater variation, ranging from 5% - 20% for 28 days and 2% - 17 % for 7 days with
the exception of Kevlar 75 (25%). Aramid, kevlar and banana fibres all increased
flexural strength at 0.75% fibre volume. Standard deviations, though largely <1 MPa,
demonstrated variable concentrations of fibres within cementitious matrices. While
compressive strength categorically increased between 7 and 28 days, flexural strength
did not, suggesting the molecular bonding between fibre and cementitious matrix was
established at 7 days. All fibres improved compressive strength at 28 days in comparison
to the non-fibrous control mix. Figure 9-7 shows modes of failure following flexural
tests. The non-fibrous control mix exhibited brittle failure, while all 0.35% fibrous
specimens failed in a ductile manner and resisted crack propagation, improving further
with 0.75% volume (0.35% and 0.75% banana fibre specimens shown in Figure 9-7).
The current required for the deposition device to extrude the fresh mixes is shown in
Table 9.5, with mixes too stiff to be processed identified as ‘Could Not Process’ (CNP).
The presence of cellulose gum allowed extruded mixes to retain structure to varying
extents in the buildability tests (shown in Figure 9-8). PVA and kevlar fibres performed
well. Banana fibres at 0.35% volume, showed greater layer deformation. Mixes with
aramid fibres performed well in mechanical tests but the stiff mixes possessed poor
workability. This is also true to a lesser extent with 0.75% volume banana fibres, as
aramid and Banana fibre mixes couldn’t be processed at 0.75% volume.
Table 9.5: Current required for deposition device extrusion. CNP = could not process.
Fibre Fibre volume Current required
Type (%) (mA)
















































































none PVA 75 ARAMID 35
KEVLAR 75 BANANA 35
c
Figure 9-6: 7-day and 28-day compressive (a) and flexural (b) strengths. 35 and
75 refer to 0.35% and 0.75% fibre volumes. Error bars represent standard deviation
values. Stress/strain profiles of 7-day specimens (c) show mixes successfully processed






Figure 9-7: Flexural failure at 2 mm displacement, with brittle failure of a non-fibrous







Figure 9-8: Buildability tests with four fresh circular layers extruded by the powered


























Figure 9-9: Macro (left) and SEM (centre, right) micro images, top to bottom: PVA,
Aramid, Kevlar and Banana. Fibre images are 43x magnification (within matrices,
centre) and 1000x (right).
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Figure 9-9 shows macro (left) and SEM (centre, right) images of fibres and fracture
surfaces. The larger PVA fibres were relatively uniform in being broadly aligned parallel
to the specimen length axis compared to the random orientation of banana and aramid
fibre strands. Kevlar can be observed as both uniform (while intact in woven reel
form) and randomly aligned (the result of a reel de-woven into component fibre-strands
due to manual and mechanical mixing processes). Aramid has the smoothest surface
and it is reasoned that the multiple orientation of low-diameter fibre strands forms
an effective mat of reinforcement, resisting crack propagation and improving flexural
strength, rather than relying on an uneven surface providing anchorage as is the case
for PVA and kevlar fibres. Banana fibres provide both, with a natural uneven surface
and multiple orientation of fibre strands providing a mat of reinforcement located more
consistently throughout the cementitious matrices.
Rupture was observed with aramid and banana fibres, a combination of the mat effect
and brittle nature of the fibres. A major drawback of the mat effect is the detrimental
effect on workability, which threatens suitability for a miniaturised AM process. PVA
fibres were observed to fail by pull-out, as confirmed by Figure 9-9 (top, centre) which
shows a smooth, unbroken fibre-end. It is suggested this is due to high tensile capacity
rather than inadequacy in molecular bonding or mechanical anchorage.
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9.4.5 Conclusions and further work
Adding fibres to an ABM mortar mix aids buildability but detracts from workability.
Mortar with 2.4 kg/m3 PVA fibre content was the most suitable mix investigated in
phase one of this study for the miniaturised ABM deposition system. It possesses
an appropriate balance between workability and buildability, with competitive flexural
and compressive strengths (7 MPa and 40+ MPa respectively) and remains extrudable
at 2.4 kg/m3 fibre content, requiring less current to process than the equivalent PP
mix. The uneven surface of PVA fibres, containing hook-like features, enables good
anchorage in the mortar matrix and aids flexural strength. The variable orientation
and concentration of fibres attributes to the variation in flexural strength.
In phase two, though aramid and banana fibres provided the highest flexural strengths
and most ductile failure, they are challenging for the deposition device to process
and in higher volumes are concluded to be unsuitable for miniaturised AM. Pastes
containing 0.75% volume PVA and kevlar fibres possessed a suitable balance between
workability and buildability, being competitive in mechanical tests and possessing
sufficient workability for the deposition device. Uneven surfaces of fibres facilitated
good anchorage in cementitious paste matrices, transforming method of failure, but
not necessarily flexural strength.
It is concluded that for further higher fibre volume investigations, PVA and kevlar
(aramid in woven reel form) are the most suitable, as fibres are discreet from each
other and do not entangle (although a drawback of kevlar is the high cost).
Further work would encompass development of a more powerful deposition system
and mix modification, in order to increase fibre volumes to the extent they may be
considered as a partial substitute for steel rebar. Fibre orientation - how this is
influenced by extrusion and the effects of anisotropy upon buildability and flexural
strength may be investigated. A suitable parallel approach would focus miniaturised
AM design upon compression-loaded structures.
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Development of fibrous pseudoplastic quaternary cement
systems for aerial additive manufacturing
10.1 Commentary text
This chapter contains the final completed journal paper manuscript of the PhD, which
will be submitted as soon as the collaborative paper in chapter 8 has been published.
This manuscript will cite the chapter 8 paper (referred to in the text here as "Chapter
8 ").
This paper continues investigations using polyvinyl alcohol (PVA) chopped fibres. The
PVA fibres, [C2H4O]n, are formed from the hydrolysis of polyvinyl acetate (Gaaz et al.,
2015). PVA is water soluble in thin-film form. In an additional test conducted by the
author, PVA fibres used in this study were submerged alongside PVA film in water.
After 48 hours, the film had fully dissolved, yet fibres were unaffected. Solubility is
determined by degree of hydrolysis and molecular weight. Fibres are fully hydrolysed
and contain longer polymer chains, which result in the stiffening of the material (Gaaz
et al., 2015). The compatibility of PVA fibres in cement-based material has been
demonstrated in previous investigations (Akers et al., 1989; Hossain et al., 2013; Luo
et al., 2013; Noushini, Vessalas and Samali, 2014).
Note: With regards to the conclusion in the previous chapter, an attempt was made
using X-ray tomography to image, and assess, the orientation of PVA fibres within a
deposition device-extruded 8 mm diameter bead of material. However, this was not
successful, as the fibres were not visible in the resulting image slices. As a result,
scanning electron microscopy (SEM), along with optical inspection, was used to assess
fibre orientation and alignment.
Calcium aluminate cement (CAC) is utilised in the binder to reduce the open times
of fresh mixes, thus promoting hardening and reducing the scope for deformation of
fresh material due to subsequently deposited layers. This paper demonstrates the
challenge faced when attempting to control an OPC/CAC reaction which varies with
environmental temperature.
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The aim of achieving a fresh material open time of 20 - 25 minutes is possible using
CAC (with added calcium sulphate, CS) but comes with drawbacks and mixes require
modification with temperature changes. Significantly, modification of the deposition
device cartridges will need to happen in order to accommodate exothermic reactions.
This paper represents the final phase of materials experimentation undertaken in
this PhD. Conclusions and recommendations for continuing research in the field are
presented in the closing chapter 11.
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10.3.1 Abstract
Aerial additive manufacturing (AAM) represents a paradigm shift in the use of
unmanned aerial vehicles (UAVs) in the construction industry, with UAVs depositing
structural cementitious material during flight to construct or repair buildings. Key
fresh material parameters are suitable rheological properties and known hydration
times. Cementitious binders with calcium aluminate cement (CAC) and calcium
sulphate (CS) can be advantageous over purely ordinary Portland cement (OPC)
systems as they increase early strength and promote hydration. A novel quaternary
OPC/pulverised fuel ash (PFA)/CAC/CS binder system was combined with polyvinyl
alcohol (PVA) fibres and natural and synthetic pseudoplastic hydrocolloids to develop
a novel composite material for a lightweight miniature deposition system which can
be attached to a UAV. CAC hydration is significantly affected by environmental
temperature. Intending the material to be extruded in-situ, a range of temperatures
were considered - mixes tested at 7°C, 14.5°C and 22°C showed acceleration agents
are required at 7°C and retardation agents required at 14.5°C and 22°C, to achieve a
suitable open time of 25 minutes prior to rapid hardening. OPC/PFA/CAC/CS mixes
containing 0.7%-2% PVA fibres were successfully deposited at temperatures <14.5°C.
Mixes with dry densities of 1600 - 1700 kg/m3 achieved compressive strengths of 25
MPa. Fibre volumes of 2% increased flexural strength and tensile capacity, but required
the addition of foam to maintain appropriate workability, which in turn reduced density.
Rheology tests revealed fresh mixes suitable for AAM possessed a yield stress of 1.1-1.3
kPa. Pseudoplastic OPC/PFA/CAC/CS quaternary cementitious systems are viable
for in-situ AAM, provided that mixes are modified in accordance with environmental
temperature variation to achieve a suitable fresh material open time.
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Abbreviations
AAM Aerial Additive Manufacturing
A/B Accelerator/Binder ratio
AM Additive Manufacturing
CAC Calcium Aluminate Cement
CS Calcium Sulphate
C-S-H Calcium Silicate Hydrates
DOF Degrees of Freedom
DC Direct Current
Ecemmat Energy transferred
FDM Fused Deposition Modelling










SEM Scanning Electron Microscopy
SP Superplasticiser





Keywords: Aerial additive manufacturing, calcium aluminate cement, hydration,
temperature, open time, rheology, PVA fibres, autonomous deposition.
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10.3.2 Introduction
The use of Additive Manufacturing (AM) methods in the construction industry is
increasing (Wangler et al., 2019). Construction-scale ground based digital applications
are realising structures via the layered extrusion of concrete (Reiter et al., 2018), with
controlled rheological properties (Bentz et al., 2018) being of key importance while in
the fresh state (Marchon et al., 2018). Layered extrusion can eliminate the need for
traditional formwork (Wangler et al., 2019), which can constitute up to 60% of the
costs involved with building concrete structures (Rubio, Sonebi and Amziane, 2017).
Ground based AM methods may consist of gantry frames (Lim et al., 2012; Le et al.,
2012), large robotic arms with multiple degrees of freedom (Labonnote et al., 2016;
Buswell et al., 2018) or coordinated compound robotic systems (Keating et al., 2017).
Releasing AM from ground-based restrictions allows the freedom to operate at a
theoretically great height (Naicu and Williams, 2015), whether this is to construct
a building taller than that capable of being constructed by a ground-based method,
the height of which is restricted to the dimensions of the deposition equipment, or the
repair of tall structures - an inherently dangerous task in an industry with high numbers
of falls-from-height related serious accidents and fatalities (Nadhim et al., 2016).
Previously, use of UAVs in the construction sector was limited to surveillance
(Babel, 2015) and data gathering (Dillow, 2016) applications. The aerial
additive manufacturing (AAM) project (Chapter 8 ) has demonstrated that multiple,
coordinated unmanned aerial vehicles (UAV), each carrying a small lightweight
deposition device, can extrude cementitious pastes and mortars whilst in-flight,
following a pre-programmed, architecturally informed trajectory. This represents a
paradigm shift in the use of UAVs in the construction industry towards the construction
of buildings in-situ or elevated repair work to existing structures.
An in-situ aerial deposition approach differs significantly from ground-based AM
applications, requiring lower-density mixes and miniaturised, lighter deposition devices
appropriate for UAV carriage. Open time can be defined as the period of time following
mixing in which fresh properties remain consistent (Lim et al., 2012) and the mix
workable. Open time is a key parameter for AAM since the mix has to remain fresh
for at least 20 minutes to allow for UAV loading, flight and deposition, with rapid
hardening of material following extrusion being desired to mitigate deformation.
Binders based upon ordinary Portland cement (OPC) alone possess an open time of
≈2 hours and hydration time of 12+ hours, which can be considered too long for
AM (Vaitkevičius, Šerelis and Kerševičius, 2018). Ternary binder systems can achieve
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faster setting than a binder consisting solely of OPC (Winnefeld and Klemm, 2013).
This study investigates the feasibility of adding calcium aluminate cement (CAC) and
calcium sulphate (CS) to OPC for AAM through the development of a novel fibrous
quaternary OPC/pulverised fuel ash (PFA)/CAC/CS binder system augmented with
rheology modifying admixtures (RMA). It evaluates the suitability of an OPC-rich
quaternary system for a miniaturised deposition device.
A quaternary OPC/PFA/CAC/CS binder can bring advantages for a freshly deposited
material in layered extrusion AM applications. PFA, consisting of spherical particles,
is known to enhance workability (flow of fresh material) (Khan and Lynsdale, 2002).
When added to OPC, CAC acts as an accelerator (Khalil et al., 2017), promoting
early strength (Moffatt and Thomas, 2017) and hardening of material, thus improving
buildability (the ability of material to retain shape following deposition) and reducing
deformation following deposition. This is especially relevant to an extruded layer
of fresh material which may deform when subjected to the weight of subsequently
deposited layers if it hasn’t hardened.
When added to OPC/CAC, CS anhydrite has been shown to further promote ettringite
development (Fernández-Carrasco and Vázquez, 2009) and stability (Xu, Wang and
Zhang, 2012), along with early strength (Kirca, 2006).
This study considers the fact that cementitious material featuring CAC presents two
challenges. Firstly, for AAM applications, material must be able to flow through a
miniature deposition system prior to accelerated exothermic CAC hydration reactions
with a rapid rate of heat evolution (Scrivener, 2003; Domone and Illston, 2010) taking
place following deposition. RMAs can be used to influence the rheological properties
of the fresh material (Sonebi and Perrot, 2019) and pseudoplastic RMAs such as
hydroxyethyl methyl cellulose (HEMC) also possess retardation properties (Cherop,
Kiambi and Kosgey, 2017).
However, combining CAC with OPC promotes early ettringite formation and a
flash-set (Gawlicki, Nocuń-Wczelik and Bąk, 2009). Hydration times are directly
affected by variations in quantities of OPC and CAC (Neville et al., 1995) and
environmental temperature (Antonovič et al., 2013), with high temperatures promoting
rapid hydration (Scrivener, Cabiron and Letourneux, 1999). Therefore, acceleration (at
low environmental temperatures) and retardation (in high temperatures) may need to
be considered in OPC/PFA/CAC/CS binder-based mix formulations.
The second consideration is the status and reputation of CAC systems due to the
historically misunderstood conversion reaction (Kirca, 2006; Moffatt and Thomas,
2017) leading to the potential reduction of strength to a stable long-term level when
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material experiences temperatures higher than those experienced during formation
(Domone and Illston, 2010).
In CAC at low and intermediate temperatures, metastable hydrates CAH10 and C2AH8
form, whereas at higher temperatures stable hydrates C3AH6 and AH3 (alumina gel) are
formed. Material formed at low temperatures (<20°C) possesses higher early strength,
but the metastable hydrates convert to C3AH6 and AH3 over time as temperature
rises, leading to a relatively reduced longer term strength, which must be considered
during design (Scrivener, Cabiron and Letourneux, 1999). Conversion can take days to
complete at higher temperatures of ≈60°C (Domone and Illston, 2010) but may take
years at ambient 20°C temperatures (BSI, 2005; Fernández-Carrasco and Vázquez,
2009).
Pure CAC systems were omitted from design standards for reinforced and pre-stressed
structural concrete following roof and ceiling beam failures in the late 20th century,
despite extensive inspections revealing the vast minority of cases to be linked to loss
of strength due to conversion. Instead, poor detailed design or low quality aggregates
were determined as primary causes of collapse (Domone and Illston, 2010).
However, CAC has remained an important material for ground anchoring (Rodger and
Double, 1984) and rapid repair work (Neville et al., 1995; Scrivener, 2003), particularly
in marine and tidal environments (Moffatt and Thomas, 2017), roads and airfield
runways (Gu and Beaudoin, 1997).
In OPC-rich blended cement systems such as OPC/CAC/CS, the smaller amount of
CAC typically used does not lead to the formation of the metastable hydrates, thus
conversion would not occur (Scrivener, 2003). It has also been shown that metastable
hydrates do not form in a PFA/CAC/CS ternary system (Fernández-Carrasco and
Vázquez, 2009). Therefore, in an OPC-rich quaternary OPC/PFA/CAC/CS binder
system developed for AAM, conversion would not be expected to occur.
Polyvinyl alcohol (PVA) fibres have been shown to be durable within the cementitious
alkaline environment (Noushini, Vessalas and Samali, 2014) and chopped PVA fibres
have been included as constituents in formulated OPC/PFA/CAC/CS based fresh
mixes in this study. Individual 12 mm length fibres are appropriate additions in
AAM mixes in low volumes (Dams et al., 2018), preventing brittle failure, resisting
crack propagation and decreasing shrinkage in hydrated cementitious material. The
feasibility of incorporating a Fibre Volume (FV) of 2%, typical for cementitious
composites (Soltan and Li, 2018), is investigated for AAM.
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To suitably modify the properties of fresh mixes, this study used a combination of
HEMC and xanthan gum (XG), which has been shown to be an effective RMA for a
cementitious material suitable for AAM (Chapter 8 ).
Fresh mixes were subject to deformation, rheology and calorimetry tests and hydrated
mixes were tested for mechanical properties. Fresh mixes were extruded both
autonomously using a miniature deposition device, and by hand, to analyse workability
(defined in this study as the ability of a fresh material to be processed by a miniature
deposition device) and buildability (defined in this study as the ability of the material
to retain shape following extrusion and resist excessive deformation due to subsequently
deposited layers). The potential applications of AAM with a quaternary binder system
are discussed.
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10.3.3 Materials and methodology
AAM is intended for in-situ applications, which naturally are subject to climatic and
seasonal variation. The vision for the process is that multiple UAVs will be loaded from
an on-site reservoir of fresh material. With the use of CAC it is to be expected that
mixes will perform differently in different environmental conditions and with differing
water temperatures. The strategy undertaken in this study was that the mix should
be adaptable to climatic conditions, rather than try and control the environmental
temperature or heat (or cool) the water used in order to satisfy the requirements of an
inflexible mix.
A series of tests were performed on five mixes. Mix formulation was carried out in
temperatures of 10°C ±3°C with a water temperature of 11.5°C ±2°C. It was decided
to undertake mix formulation in cooler temperatures representing an external, in-situ
application scenario, keeping in mind that added accelerator will be substituted for
retardation in warmer seasonal temperatures.
Mixes 2 - 5 were OPC-rich OPC/PFA/CAC/CS quaternary binder-based mixes
identified as potentially suitable for AAM while Mix 1 (without CAC and CS) had
been previously successfully trialled using a UAV in flight, carrying the material in a
miniature deposition device (Chapter 8 ), but modified with a different, lignin-based
plasticiser and alternative HEMC in this study.
This study used Dragon Alfa CEM I 42.5 R Portland cement with a particle size of
5 - 30 µm and bulk density 900 - 1500 kg/m3, as the base binding constituent. The
chemical composition of the CEM I, determined by Rietveld quantitative phase analysis,
is shown in Table 10.1.
The constituents and fresh densities of the five mixes are shown by kg/m3 in
Table 10.2 along with specifications, suppliers, Fibre Volumes (FV) and Sand/Binder
(S/B), Water/Binder (W/B), Accelerator Binder (A/B) and Retarder/Binder (R/B)
ratios. The Superplasticiser (SP) was sulfonated melamine-based, which works via
electrostatic repulsion (Domone and Illston, 2010), the same mechanism as sulfonated
napthalene-based superplasticisers which have been shown to promote shear thinning
in slurries (Lootens et al., 2004). The 350 µm diameter (D) PVA fibres were 12 mm in
length. The sand featured smoothed, sub-rounded particles to aid workability through
a miniaturised deposition device.
The EN 450 N grade type-F pulverised fuel ash (PFA), supplied by Cemex, had a bulk
density of 800 - 1000 kg/m3 and particle size: <45 µm. The smooth-particle sand
(supplied by British playsand, UK, product number 365/0574), was kiln dried at a
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Table 10.1: Rietveld quantitative phase analysis of the chemical composition of Dragon
Alfa CEM I 42.5 R Portland cement shown as a percentage by weight.
CEM I Phase % by wt.
Dicalcium silicate C2S 14.6
Tricalcium silicate C3S 71.5
Tricalcium aluminate C3A 7.27
Tetra-calcium aluminoferrite C4AF 4.46
Calcium sulphate phases 2.16
temperature of 105°C prior to use for a period of twenty four hours and possessed a
dry bulk density of 1450 kg/m3. The Imerys Ternal SE CAC has a bulk density of
1100 – 1300 kg/m3. The Ground Gypsum Superfine White CS has a bulk density of
900 - 1100 kg/m3.
Table 10.2: Mixes 1 - 5 showing constituents in kg/m3, specification and supplier
along with PVA Fibre Volumes (FV) and ratios. Mixes as shown were developed in a
temperature of 10°C ±3°C with a water temperature of 11.5°C ±2°C.
kg/m3 Mix Mix Mix Mix Mix Specification Supplier
by wt. 1 2 3 4 5
Sand - - 287 326 298 <2mm particles British playsand
OPC 770 553 460 391 358 CEM1 42.5R Dragon Alpha
PFA 415 298 248 211 193 Type ’F’ EN-450 Cemex
CAC - 229 190 162 134 Ternal SE Imerys
CS - 76.4 63.5 54.0 63.6 Anhydrite Ind. Plasters
SP 11.8 15.0 12.5 10.6 9.69 Peramin SMF10 Imerys
Water 545 526 438 397 363 - -
PVA fbs. - 13.9 9.70 13.2 24.7 D=350µm Flints.co.uk
Acc. - - 10.5 6.11 5.59 Peramin AXL80 Imerys
Ret. - 1.38 - - - citric, tartaric Sigma-Aldrich
HEMC 5.12 5.06 5.07 4.70 4.38 Walocel MKX6000 Dow Chemicals
XG 10.9 8.99 9.01 10.1 8.76 - Minerals-Water
Foam - - - 49.5 76.3 Foaming agent EAB Associates
total 1757 1726 1733 1634 1538 - -
S/B - - 0.30 0.40 0.40 - -
W/B 0.47 0.47 0.47 0.50 0.50 - -
FV (%) - 1.00 0.70 1.00 2.00 - -
A/B (%) - - 1.10 0.75 0.75 - -
R/B (%) - 0.12 - - - - -
Mix 1 had an open time of ≈2 hours, whilst mixes 2 - 5 had open times of 20
- 25 minutes in temperatures below 14.5°C. It was anticipated that with increased
rates of hydration in warmer temperatures above 15°C, accelerator quantities shown
in Table 10.2 would need to be reduced, or even removed and substituted by suitable
quantities of retarding agent.
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With the exception of water and foaming agent, all mix constituents were of a dry,
powdered consistency. Mixes were created by hand-mixing dry constituents and then
adding water. Automated planetary motion mixing took place for three (thirty second)
periods, interspersed with manual gathering of constituents. If used, foam was then
added to the slurry and integrated with two periods of thirty second planetary motion
mixing interspersed with manual gathering and mixing. Each fresh mix was subjected
to a ten second period of automated vibration to create a slurry ready for loading into
the deposition device.
A miniature deposition device with a 12 V DC motor suitable for UAV carriage is
shown in Figure 10-1. For the full technical specification of the deposition device, the
reader is referred to Chapter 8. Material is pushed through the cartridge by a plunger
attached to a threaded rod. The device component which determined mix formulation
to the greatest extent was the 560 mm length of flexible plastic tubing connecting the
tip of the material cartridge to the 8 mm diameter nozzle. In Figure 10-1 the nozzle
is depicted as being held and directed by a four degrees of freedom (DOF) Dobot
magician robotic arm representing the role performed by a stabilising delta arm robot,
which attaches to the base of a UAV to guide, and provide lateral stability to, the
nozzle. During extrusion experiments carried out in this study, nozzle movement was
also controlled by hand.
DC Power 
Supply
310 ml capacity 
cartridge
12 V Motor 
gearbox
4 DOF robot arm
Tubing: 
Length = 560 mm 




Figure 10-1: 310 ml capacity miniature deposition device.
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10.3.3.1 Fresh mix extrusion
It takes approximately 4 minutes for the deposition device to extrude a cartridge of
material (please refer to chapter 8 ). Therefore, the aim of autonomous deposition is to
commence extrusion 15 - 20 minutes following mixing (to allow for material loading into
the cartridge and cartridge loading into the deposition device attached to the UAV) and
complete extrusion at 20 - 25 minutes following mixing, at which point rapid hardening
in the deposited material is desirable.
The five mixes were all tested for AAM suitability using a 310 ml cartridge capacity
deposition device shown in Figure 10-1 with mixes manufactured in environmental
temperatures of 10°C ±4°C with a potable water temperature of 11.5°C ±3°C.
Deposition device tests extruded material in a trajectory consisting of alternate layers of
three parallel lines and a "ruffle" layer. Additional hand extrusions were also performed
to examine other potential applications of the mixes, including printing on a vertical
surface and printing on support material, subsequently removed, to create a domed
structure.
10.3.3.2 Power and force requirements
The force requirement tests for fresh mixes were conducted in laboratory temperature
conditions of 20°C ±2°C with a potable water temperature of 17.5°C ±1°C. Cartridges
full of freshly mixed material were placed vertically upon an Instron Universal
2630-120/305632 device and a rod was pushed down upon a plunger at a rate of 17
mm/minute to simulate the movement of the deposition device plunger. The force
required to process the material at this rate of displacement was analysed. While
the deposition device processed the mixes, the current required to push the material
through the tubing as indicated by the 12 V power supply was also recorded.
10.3.3.3 Fresh mix rheological properties
To quantify the rheological properties of the fresh mixes, and how they are affected
by temperature, flow and oscillation tests were conducted using upper and lower plate
temperatures of 7°C, 14.5 °C and 22°C. A TA DHR-2 rheometer was used to conduct
the tests with a 25 mm diameter flat upper geometry plate and flat 40 mm diameter
lower plate. Laboratory temperatures were 20°C ±1°C and laboratory potable water
temperature was 17.5°C ±1°C.
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Flow tests were shear stress-controlled using linear stress ramps ranging from 300 -
6000 Pa and 900 - 50000 Pa. Tests were designed to obtain yield stress and viscosity,
which quantify flow and flow velocity respectively (Schmidt et al., 2013). Tests were
repeated at regular time intervals during the open time of the fresh mixes, during which
material was exposed to environmental temperatures prior to testing.
Oscillation tests were conducted over a period of 2000 seconds, covering the open time
of the OPC/PFA/CAC/CS mixes and were controlled using an angular displacement
of 5x10−5 radians with frequency maintained at 1 Hz. Using the elastic modulus G’,
viscous modulus G” and phase angle δ data, the complex modulus G*, quantifying the










10.3.3.4 Fresh mix calorimetry
All mixes were placed in a Calormetrix I-Cal 4000 isothermal calorimeter immediately
following mixing and vibration. Each mix was tested three times, with the chamber
temperature maintained at 7°C, 14.5°C and 22°C respectively. Tests were carried
out over a period of forty eight hours to analyse how the energy transferred and
rate of heat evolution differed with constituent and temperature change during the
hydration process. Laboratory temperatures were 20°C ±1°C and laboratory potable
water temperature was 17.5°C ±1°C.
10.3.3.5 Fresh mix deformation
Fresh mixes were subjected to deformation on an Instron Universal 2630-120/305632
device. Laboratory temperatures were 20°C ±2°C and laboratory potable water
temperature was 17.5°C ±1°C. Freshly extruded beads of material 8 mm in diameter
and 80 mm in length were placed between two steel plates and compressed at a rate of
2 mm/minute to simulate an extruded layer of material being subjected to compressive
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loading from subsequent layers deposited on top. Extruded beads were tested at five
minute intervals over the open time period of the material.
10.3.3.6 Hydrated mix mechanical properties and method of flexural fail-
ure
Fresh mixes were poured into 160 mm x 40 mm x 40 mm moulds in accordance with
British Standard BS EN 1015-11:1999 (BSI, 1999) and mechanically vibrated. Strength
tests were conducted on the hydrated prisms at one day and twenty eight days following
mixing. The density was calculated for each prism prior to testing.
Flexural and compressive tests were carried out on the Instron Universal
2630-120/305632 device. Laboratory temperatures were 20°C ±2°C and laboratory
potable water temperature was 17.5°C ±1°C. Four-point bending flexural tests were in
accordance with British Standard BS EN 12390-5:2009 (BSI, 2009). Compressive tests
were subsequently conducted in line with British Standard BS EN 1015-11:1999 (BSI,
1999).
10.3.3.7 Retardation and further rheological tests
To further investigate the differing open times of the material arising through changes of
ambient temperature, Mix 2 (R/B 0.12%) was modified with the addition of retardation
agents with Retarder/Binder (R/B) quantities of 0.52%, 0.78%, 1.04% and 1.56%.
Both citric acid and tartaric acid were investigated as retarders independently. Citric
acid is established as a commercial retarding agent for CAC systems, working by
the mechanism of precipitation of gel-coatings around cement grains (Rodger and
Double, 1984) thus inhibiting the formation of ettringite (Winnefeld and Klemm, 2013).
Tartaric acid possesses an affinity for aluminate surfaces and is also known to inhibit
ettringite formation (Bishop and Barron, 2006).
Further oscillation and flow rheology tests were undertaken. Laboratory temperatures
were 20°C ±2°C and laboratory potable water temperature was 17.5°C ±1°C. Mix 2 as
shown in Table 10.2 was modified with additional quantities of either citric or tartaric
acid, and tested on the rheometer for the duration of the material open time. Flow tests
were conducted at five minute intervals following mixing, with the fresh mix subject to
environmental air. Oscillation tests were conducted with the retarded fresh material
kept within the plates of the rheometer for the test duration.
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10.3.4 Results
10.3.4.1 Fresh mix extrusion
All five mixes were extruded by the 310 ml capacity deposition device when the mixes
were manufactured in environmental temperatures of 10°C ±4°C with a potable water
temperature of 11.5°C ±3°C. Figure 10-2 shows a range of extrusions both by hand
and deposition device.
Printed by hand, Figure 10-2a shows a latticed dome structure consisting of mixes 2
and 3 printed upon supporting material, which was subsequently removed to prove
the structure to be self-supporting (Figure 10-2b). A U-shaped 8-layered extrusion
featuring mixes 1, 2 and 4 was deposited on a vertical surface (Figure 10-2c,d). Three
layers of fresh material can be printed vertically in immediate succession during the
open time of the material. Fourth and subsequent layers must take place after the
material has hardened - Figure 10-2d shows three fresh layers extruded upon hardened
previous layers.
Using the deposition device, Figure 10-2e shows alternating layers of three straight
parallel lines and a ruffle design using (top to bottom) mixes 2, 5 and 3. The straight
line middle layer of the less dense, higher foam content Mix 5 shows the most sagging,
while mixes 2 and 3 exhibit minimal deformation.
Based on autonomous deposition success at lower temperatures, the open time of Mix
1 is considered to be 2 hours, while the open time of mixes 2 - 5 (as formulated in
Table 10.2) are considered to be a working maximum of 25 minutes. Realistically, the
quickest time that a deposition device can commence extrusion of material following
mixing and vibration is 15 minutes and at ≥14.5°C, mixes 2 - 5 can become too stiff
for extrusion within this time.
10.3.4.2 Power and force requirements
With a fixed 12 V supply, the deposition device was capable of pushing material
through the plastic tubing drawing current within the range of 180 mA (where material
enters the tubing) to 420 mA (material extrusion). More current is not viable for the
deposition device or UAV carriage and would indicate the material lacks sufficient
workability. If less current were required, the material would not possess adequate
buildability upon extrusion. Table 10.3 shows how power requirements increase as























Figure 10-2: Hand and deposition device extrusions. a,b) Hand printed dome extrusion
upon supporting material, subsequently removed, using mixes 2 and 3. c,d) Extrusion
by hand on to a vertical surface in a U-shaped design, using mixes 1, 2 and 4. e)
Alternate straight parallel lines and ’ruffle’ layer design deposited by the deposition
device using mixes 2 (top), 5 (middle) and 3 (bottom).
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Table 10.3: Power required for the device plunger to push Mixes 1 - 5 (and an empty
cartridge for comparison).
Fresh Tube-start Tube-middle Extrusion-start Extrusion-end
mix Power(W) Power(W) Power(W) Power(W)
Empty 1.68 1.68 1.68 1.68
1 2.40 2.76 2.88 2.88
2 2.76 3.60 4.20 4.80
3 2.76 3.48 4.68 4.68
4 2.28 3.00 4.20 4.20
5 2.16 2.76 3.48 3.84
for mixes 1 - 5, along with an empty cartridge for comparison. It can be seen
from the table that 5 W of power can be considered as an upper limit. Mixes were
manufactured at temperatures below 14.5°C and deposition device loading and full
extrusion was completed within 25 minutes of material mixing and vibration. The
OPC/PFA/CAC/CS mixes 2 - 5 required more power to process than the pure
OPC-based mix 1.
Force requirement tests revealed that an OPC/PFA/CAC/CS quaternary system can
be problematic for a thermoplastic cartridge. During extrusion with the deposition
device, warping of the threaded rod attached to the plunger had begun to take place.
It was discovered that the exothermic hydration reactions create sufficient heat to cause
the 310 ml capacity plastic cartridges containing the fresh, hydrating material to soften
and become malleable to the extent that the threaded rod attached to the plunger, in
addition to pushing down the cartridge, began to rotate about its longitudinal axis
and push the cartridge radially outwards during rotation, thus gradually warping the
rod. The effects of the exothermic hydration of mixes 2 - 5 while in the cartridge
can be seen in Figure 10-3, with the downward motion of the plunger forcing material
outwards (a) and cartridge lateral expansion evident (b).
As a result, the only entirely successful test with this method was with Mix 1 (load
vs. extension profile with extrusion plateau shown in Figure 10-3c), which did not
contain CAC/CS in the binder and required between 700 N - 800 N of force to push
the material through the tubing at 17 mm/minute.
10.3.4.3 Fresh mix rheological properties
Oscillation test results are presented in Figure 10-4, Figure 10-5 and Figure 10-6.
Figure 10-4 shows the complex modulus G* and phase angle δ for mixes 1 - 5 at






















Mix 1 Mix 2 Mix 5
b c
Figure 10-3: Force required to extrude material: a) A restrained cartridge subjected to
force upon the plunger. b) Ensuing radial expansion of the cartridge due to exothermic
hydration of mixes 2 - 5. c) Force required curve showing the plateau of the successfully
extruded mix 1 (without CAC) and examples of the CAC mixes 2 and 5 which caused
radial cartridge expansion and failed to extrude material.
following the completion of mixing and vibration. Figure 10-5 and Figure 10-6 show
the complex modulus G* and phase angle δ profiles respectively over a period of 200
seconds following mixing to see how the mixes differ with temperature over the desired
open time period.
As temperature rises, G* increases and δ decreases over the open-time period. Mixes
2 and 3 are the most stiff and solid-like, with the higher foam content mix 5 being
rheologically closest to the purely OPC-based mix 1 and the only OPC/PFA/CAC/CS
mix rheologically suitable at 22°C. Results suggest that Mixes 2 and 3 require
additional retardation at 22°C. A G* of ≈5 MPa is suitable for deposition device
processing, with material becoming too stiff to pass through the tubing at 10 MPa or
above.
Figure 10-7 shows how the complex modulus G* and phase angle δ of Mix 2 change
with temperature over the open time period. G* increased with time and temperature
whilst δ decreased. Results show the times and temperatures during which mix 2,
confined by the rheometer plates and not exposed to the environment, is viable for
AAM. At 14.5° C, Mix 2 is viable for 1500 seconds (an ideal 25 minute open-time),
but at 22° C open time lasts for only 900 seconds, which is insufficient.
Flow test results are shown in Figure 10-8 (yield stress) and Figure 10-9 (viscosity
profile) for mixes 1 - 5 at five minutes intervals over the open-time period, with the












































































































































Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 1 Mix 2 Mix 3 Mix 4 Mix 5
Figure 10-4: Oscillation complex modulus G* and phase angle δ test results for mixes
1 - 5 over the period of 15 - 25 minutes following mixing. Tests were conducted at 7°C,
14.5°C and 22°C. Error bars denote maximum and minimum values recorded within
the time frame.
Figure 10-9f that the yield stress and viscosity profile for the same mix (in this case mix
2 ), tested immediately following mixing and vibration, does not vary with temperature
as it does with time.
Yield stress and viscosity values increased with time for mixes 2 - 5 while mix 1, without
CAC, did not increase within 25 minutes and can be autonomously deposited at all
temperatures within this timescale. Rheometer plates were 14.5°C but in between tests,
material was exposed to the laboratory environment of 22°C. It was not possible to test
mixes 3, 4 and 5 for 25 minutes as the material, freely exposed to a 22°C laboratory
temperature, had become too stiff to test using plate rotation. Figure 10-8c shows
that mix 3, with the highest concentrations of binder and accelerator, stiffens most
rapidly. Viscosity profiles show the extent to which all mixes contain pseudoplastic
properties suitable for AAM, with viscosity reducing by orders of magnitude as shear
rate increases.
The viscosity profiles typically display a small ’hook’ at the beginning of the tests at
low shear rates. This is due to low angular velocity plate rotations resulting from initial











































































Figure 10-5: Oscillation complex modulus G* profiles for mixes 1 - 5 over the period
































































Figure 10-6: Phase angle δ profiles for mixes 1 - 5 over the period of 2000 seconds
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Figure 10-7: Mix 2 complex modulus G* and phase angle δ changing with temperature
over the open time period.
10.3.4.4 Fresh mix calorimetry
Calorimetry results are presented in Figure 10-10a-e (cumulative energy
transferred - Ecemmat, Joules/gram) and Figure 10-11a-e (rate of heat evolution,
Joules/gram/hour) for temperatures 7°C, 14.5°C and 22°C. Mixes 2 - 5 all show rapid
increases in energy transferred within the first couple of hours whereas mix 1 (without
CAC and CS) is very different, with increases between 16 - 48 hours indicating the
C-S-H hydration phase. All five mixes vary with temperature. Mixes 3 - 5 (with
accelerator) show less energy was transferred with higher temperature.
Mix 1 (Figure 10-11a) is without CAC and CS, yet differs from a pure OPC rate of
heat evolution profile, which should show a sharp peak at ≈12 hours indicating the C3S
and, to a lesser extent, C2S reactions forming C-S-H gel and Ca(OH)2. For pure OPC,
the sharp peak follows an initial C3A reaction with gypsum immediately following
mixing and ensuing induction period of inhibited hydration (Gawlicki, Nocuń-Wczelik
and Bąk, 2009). With mix 1, the C-S-H phase shows a broad peak between 16 - 32
hours, and ettringite formation occurring between 32 - 40 hours at 22°C, as opposed
to within 20 hours with pure OPC. It is clear that mix 1 is retarded by the presence
of HEMC and XG (relative to pure OPC paste) and also by decreasing temperatures,
with the C-S-H phase much delayed at 7°C in comparison with 22°C.
Rate of heat evolution profiles for pure CAC pastes consist of an initial peak with
the formation of ettringite and CAH10 and AH3 phases, followed by a dormant or
’induction’ period of ≈6 hours as AH3 and ettringite particles cover the CAC particles
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Figure 10-8: Open time yield stress results for mixes 1 - 5. a - e) rheometer plates kept
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Figure 10-9: Open time viscosity flow profiles for mixes 1 - 5. a - e) rheometer plates
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Figure 10-10: Calorimetry tests: cumulative energy transferred (Ecemmat) during the
first 48 hours for mixes 1 - 5 at 7°C, 14.5°C and 22°C.
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decomposition of the unstable ettringite phase (Gawlicki, Nocuń-Wczelik and Bąk,
2009) and diffusion-controlled hydration (Guan et al., 2009).
The only indication of a pure CAC-characteristic broad monocalcium aluminate peak
in Figure 10-11 is with mix 2, particularly at 22°C. Mixes 3 - 5 (Figure 10-11c-e)
contain sand whereas mix 2 (Figure 10-11b) does not, thus possessing a relatively
higher quantity of CAC and CS. The flash set experienced when CAC is mixed with
OPC (and CS) can be attributed to the breakdown of gypsum present in the OPC and
CS by the CAC hydrates, promoting ettringite formation (Gawlicki, Nocuń-Wczelik
and Bąk, 2009).
It is clear with mixes 3 and 4 (Figure 10-11c,d) that the initial reaction and formation of
ettringite dominates hydration, with no further peaks after ≈8 hours. The descending
shoulder peaks following the initial reaction in mixes 2 - 5 are characteristic of the
addition of CS (Xu, Wang and Zhang, 2012). Mix 5 (Figure 10-11e) has more foam
and exhibits a sharp second peak at ≈4 hours at 14.5°C, more distinctive than those
shown in mixes 2 - 4. Mixes 3 - 5 indicate the commencement of broad C-S-H peaks
commencing after 16 hours (mix 3, Figure 10-11c) and 24 hours (mixes 4 and 5,
Figure 10-11d,e), with the peak itself occurring beyond 48 hours. The addition of CAC
to OPC clearly retards hydration of the C-S-H phases.
10.3.4.5 Fresh mix deformation
Deformation results illustrated in Figure 10-12 show how mixes 1 - 5, extruded into
8 mm diameter beads, settled when subjected to compressive loading representing
subsequent layers deposited on top of the bead. The laboratory temperature was
22°C during the tests, hence the swift hydration times, and tests were conducted for
the duration of mix open times. Mix 1 is shown over a much longer time period,
since its lack of CAC/CS means it has an open time of ≈2 hours. It can be seen
from Figure 10-12, particularly for mixes 2 and 3, that OPC/PFA/CAC/CS material,
without retardation, hardens very quickly at 22°C which provides excellent buildability,
but is challenging for deposition device extrusion.
10.3.4.6 Hydrated mix mechanical properties and method of flexural fail-
ure
Figure 10-13 shows compressive and flexural strength test results at both one day and
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Figure 10-11: Calorimetry tests: rate of heat evolution during the first 48 hours for
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Figure 10-12: Deformation tests showing the extent to which mixes 1 - 5, in the form
of extruded 8 mm diameter beads, settle when subjected to compressive loading. Tests
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Figure 10-13: Mechanical tests showing 1-day and 28-day strength for mixes 1 - 5. a)
Compressive strength. b) Flexural strength. c) Density of the hydrated prisms. d)
Flexural failure of 28 day specimens with the legend denoting mix number. Error bars
denote the standard deviation.
and the flexural stress-strain profiles at 28 days. Coefficients of variation range between:
Compressive strength 1-day 2% - 11%, Compressive strength 28-day 2% - 5%, Flexural
strength 1-day 3% - 11%, Flexural strength 28-day 1% - 11%, Density 1-day and 28-day
≈1%, with 28-day flexural strength of the high-foam content mix 5 exhibiting the
highest variation at 11.5%.
Mix 1, without CAC and CS, possesses the highest compressive strength at 28 days,
but mixes 2 and 3 are also structurally viable at ≈25MPa and possess higher 1-day
strength than mix 1, though the difference is moderate. Mixes 4 and 5, containing
foam, have lower density and failed to reach 20 MPa compressive strength. Mix 1,
which has no fibres fails in a brittle manner whereas mixes 2 - 5 show the contribution
PVA fibres make once the 28-day mortar matrix fails (Figure 10-13d). Mix 5, with
higher FV, performed well in flexural tests.
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Figure 10-14 shows flexural failure of fibrous 28-day specimens of mixes 3 and 5. There
is a significant difference made to crack propagation as FV increases, with Mix 3
containing 0.75% FV deforming to a greater extent under loading than Mix 5 with
2% FV. The failure mechanism of PVA fibres was pull-out, which can be seen in both
Mix 3 (Figure 10-14c) and Mix 5 (Figure 10-14d). PVA fibres typically possess a tensile
strength of 1400 - 1500 MPa (Hossain et al., 2013; Noushini, Vessalas and Samali, 2014),
therefore would not be expected to fracture in these tests, whereas a reduction in elastic











Figure 10-14: Flexural failure of fibrous 28-day specimens. a) Mix 3 with 0.75% FV.
b) Mix 5 with 2% FV. c,d) PVA fibres showing pull-out.
10.3.4.7 Retardation and further rheological tests
Further rheology tests were conducted with mix 2 (0.12% R/B in Table 10.2) amended
with additional amounts of retarder at 0.52%, 0.78%, 1.04% and 1.56% R/B. Flow and
oscillation results featuring the retarder-modified mix 2 are shown in Figure 10-15.
Oscillation tests show tartaric acid was the more effective retarder, with Mix 2,
containing tartaric acid at 0.52% R/B possessing a lower complex modulus G* and
higher phase angle δ than with citric acid at 0.52% R/B.
Oscillation tests suggest that citric acid at 1.56% performs similarly to tartaric acid
at 1.56% R/B. However, the flow results suggest this is not the case. Using 1.1 kPa
- 1.3 kPa as a suitable range of yield stresses for deposition device extrusion, due to
the performance of mix 1 being successfully extruded by a UAV in flight (as shown in
chapter 8 and Appendix A), and 25 minutes as a desirable open time for AAM, the
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results in Figure 10-15f show that with 1.56% R/B citric acid, material at 10 minutes
remains within this yield stress range but at 25 minutes is well beyond, therefore
1.56% R/B citric acid is an insufficient quantity and does not retard the fresh mix
satisfactorily. Conversely, Figure 10-15e shows 1.04% R/B tartaric acid as an example
of too much retarder being added, with the material still being effectively retarded at
40 minutes, which is beyond the desired open time for AAM.
Figure 10-15c,d suggest that tartaric acid at 0.78% R/B is a suitable quantity of
retarding agent. Tartaric acid behaves unpredictably, with yield stresses showing
variance and not necessarily increasing with time in an entirely uniform manner, but
0.78% R/B tartaric acid shows a material still being retarded within 25 minutes but




















2 1.04% R/B TA 22ºC 10 mins
2 1.04% R/B TA 22ºC 25 mins



















2 0.78% R/B TA 22ºC 10 mins
2 0.78% R/B TA 22ºC 25 mins



















2 0.78% R/B TA 22ºC 10 mins
2 0.78% R/B TA 22ºC 25 mins





























2 0.52 R/B CA 22°C
2 1.56% R/B CA 22°C
2 0.52% R/B TA 22°C
























2 1.56% R/B CA 22ºC 10 mins
2 1.56% R/B CA 22ºC 25 mins
































Figure 10-15: Rheology tests for the retarder-modified mix 2 tested at 22°C. a) Mix
2 0.52% and 1.56% R/B complex modulus G* and phase angle δ for the period of 15
- 25 minutes following mixing (CA=citric acid, TA=tartaric acid). b) Mix 2 0.52%
and 1.56% R/B G* profiles over a 2000 second period following mixing, CA and TA.
c) Flow test yield stresses for mix 2 0.78% TA (suitable retardation). d) Flow test
viscosity profiles for mix 2 0.78% R/B TA. e) Flow test yield stresses for mix 2 1.04%
R/B TA (too much retardation). f) Flow test yield stresses for mix 2 1.56% R/B CA
(insufficient or ineffective retardation).
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10.3.5 Discussion
20 - 25 minutes allows sufficient time following mixing and mechanical vibration for a
310 ml cartridge to be fully loaded and attached to a UAV, followed by the autonomous
extrusion of the material. Developing an OPC/PFA/CAC/CS quaternary system to
provide an open time of ≈25 minutes for AM was a challenging task due to the extent
that material hydration was affected by environmental temperature.
For in-situ construction printing, the mixes must be modified according to climatic
variation. In temperatures below 14.5°C, accelerator or only moderate use of retarder
(up to 0.12% R/B) is required, as shown by Mixes 2 - 5 in Table 10.2. At 14.5°C and
above, this would require modification with the complete removal of accelerating agent
and replacement with higher levels of retarding agent. At 22°C, open times without
additional retardation are reduced from the desired ≈25 minutes at 7°C, down to an
insufficient 5 - 15 minutes.
It is proposed that tartaric acid should be added in accordance with environmental
temperature, specifically in quantities of 0.78% R/B at temperatures of ≈14.5°C and
above while the mixes shown in Table 10.2 remain valid at lower temperatures.
The flow results in Figure 10-8, Figure 10-9 and Figure 10-15 can be considered the most
suitable quantification of fresh material rheological properties for OPC/PFA/CAC/CS
quaternary systems, due to the material being exposed to the environment prior to
each five-minute interval test. Figure 10-8 highlights the difference on open time that
temperature can make. Mix 3, with acceleration, could be processed with the deposition
device at low temperatures, yet when exposed to higher temperatures, mix 3 cannot
be used and accelerating agent must be substituted with retarding agent. Tartaric acid
added at 0.78% R/B is shown by flow results to be capable of providing a suitable fresh
mix open time at ≥14.5°C.
CAC-free Mix 1 is suitable for UAV extrusion and is not affected by environmental
temperature. Therefore, the yield stress and viscosity flow test results shown in
Figure 10-8a and Figure 10-9b quantify a yield stress of 1.1 - 1.3 kPa as being suitable
for AAM. Mixes 2 - 5 should be compared to Mix 1 ; for example, the viscosity profile
of mix 2 (at 22°C) after 10 minutes is comparable to that of mix 1, whereas viscosity
is significantly increased at 25 minutes, therefore unsuitable. Due to an open time of
120 minutes, mix 1 at 100 minutes in Figure 10-12 can also be a guide as to whether
material is appropriate for AAM. For example, Mix 2, 15 minutes after mixing in a
22°C environment, is significantly stiffer and therefore not suitable for a miniature
deposition device.
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The rheology oscillation results in Figure 10-5 and Figure 10-6 do not entirely represent
the behaviour of exposed material, as the material being tested is enclosed by the upper
and lower plates of the rheometer. Material between oscillating plates did not harden
as quickly as when open to the environment. Aiming for a 25 minute window for the
extrusion of a full cartridge and a G* of ≈5 MPa, results in Figure 10-7a suggest
that at 14.5°C and 7°C extrusion is viable, whereas above 14.5°C it is not. However,
practical extrusions using the deposition device suggest that at ≈14.5°C mix 2 can only
be processed within 15 minutes maximum. Therefore, when using CAC, G* cannot be
considered to be an entirely reliable quantification of fresh material stiffness.
However, oscillation tests do indicate how rheological properties differ with temperature
within a confined environment such as a deposition device tube or cartridge, and
whether mixes shown in Table 10.2 require the substitution of accelerator with retarder
at higher temperatures. For example mixes 2 and 3 are very suitable at 7°C and exhibit
rheological behaviour close to mix 1, but at higher temperatures show very different
properties to mix 1, possessing a much reduced open time, and require retardation with
tartaric acid.
It became clear during force tests involving fresh material within the deposition device
cartridge that the heat generated during the hydration of an OPC-rich quaternary
system is still sufficient to compromise the thermoplastic material of the cartridge.
Calorimetry results show that for mixes 2 - 5, CAC dominates the hydration reactions
despite only being 8% - 13% of the mix. CAC phases consume the gypsum present
in OPC and CS leading to rapid ettringite formation and retardation of OPC C-S-H
hydration. With the deposition device used for this research, the cartridge is contained
within a carbon fibre casing, but it is not firmly restrained. Therefore, it is feasible
that some lateral movement of the cartridge occurred during autonomous deposition,
causing gradual warping of the threaded rod.
Thermoplastic cartridge material for an OPC/PFA/CAC/CS system should be either
coated with a substance to protect the cartridge from the heat of hydration, or replaced
with a thermoset plastic or heat-resistant alternative material, in order to address the
issue of rod warping through continual use.
Considering that the 1-day compressive strength of mixes 2 and 3 is not vastly
higher than Mix 1, in addition to the variable nature of CAC/CS systems
according to environmental temperature, the primary motivation for choosing an
OPC/PFA/CAC/CS binder system is to reduce deformation following extrusion with
controlled, early hardening in a known time period. The extrusions shown in
Figure 10-2 show minimal sagging between spans. With accelerator or retarder
applied as appropriate for the environmental temperature, layer compression following
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subsequent extrusion is minimal for less than ten layers. When considering the
immediate deposition of subsequent layers by multiple UAVs, a scenario in which
more than ten layers could be deposited before the hydration of the first layer in an
OPC/PFA/CAC/CS system is not currently envisaged.
The approximate 72:28 ratio of OPC:CAC used in the mixes is not conducive to
improving compressive strength, as greater compressive strength is typically found
in 90:10 OPC:CAC blends, or alternatively pure OPC or CAC mixes (Gawlicki,
Nocuń-Wczelik and Bąk, 2009). However, as Figure 10-13 shows, strength in low density
mixes (relative to a traditional OPC mortar mix) with pseudoplastic hydrocolloids,
is not excessively compromised, with mixes 2 and 3 remaining structurally viable
compared to mix 1 in terms of compressive strength at 28 days. With mixes 2 -
5 containing no more than 8% - 13% CAC, subsequent further loss of compressive
strength due to conversion is not expected to happen.
The tensile properties of PVA fibres played a major role in reducing crack propagation
during mechanical tests and the difference between a FV of≤1% and 2% was significant,
with Mix 5 (low density and high foaming agent content) possessing the greatest
flexural strength.
An OPC/PFA/CAC/CS binder-based composite mix solution for horizontal layered
extrusion could consist of using different mixes in an alternating layer approach. Mix 2
has structurally viable 28-day compressive strength of ≈25 MPa with good workability
within open time at 7°C. It requires an increase in retarder from 0.12% R/B to 0.78%
R/B in temperatures ≥14.5°C. Mix 2 could be used in conjunction with Mix 5, which
has 2% FV and lower density to provide tensile capacity and ductile failure in alternate
layers. Accelerator or retarder should be modified to both Table 10.2 Mix 2 and Mix
5 specifications as climatically appropriate.
The quaternary binder-based material can be considered to be rapid-hardening and
AAM deposition would be a suitable method for infrastructure repair work. The ability
of the material to be printed on to vertical surfaces and supporting materials shows
suitability for precision repair work. The printing of the domed structure on supporting
material shows the potential of AAM for printing or repairing lightweight gridshell
structures. Supporting material could consist of an inflatable object, with deflation
occurring following cementitious hydration, or may be integrated directly as part of
the AAM approach, depositing weaker temporary supporting material using UAVs.
Vertical printing suggests particular suitability for elevated or difficult to access
locations which provide a threat to human safety. UAVs could land on, or hover
close to, a vertical surface to administer material for precision repair work in elevated,
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marine, tidal or difficult-to-access applications. Prime examples of this potential are
repairing cracks on concrete bridges, very tall buildings and marine structures such as
piles with a rapid-hardening OPC/PFA/CAC/CS based material.
There are no international design codes specifically for AM material tests in the
construction industry (Khalil et al., 2017) and existing design codes are not directly
applicable to cementitious material currently being investigated (Wangler et al., 2019).
As AM technology and associated material development for the construction industry
matures, the future development of design codes purposefully for AM in construction
should encompass a reappraisal of CAC as being suitable to be potentially part of a
blended, structurally viable, conversion-free cementitious system capable of 3D-printing
new structures in addition to precision, rapid-hardening repair work.
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10.3.6 Conclusions
The addition of CAC and CS hugely affect the rate of heat evolution in fresh, hydrating
cement mixes, with early ettringite formation dominating and promoting rapid setting
and delayed C-S-H development. Mixes require acceleration or retardation of 0.12%
R/B at 7°C with greater retardation at 14.5°C and 22.5°C to promote a suitable
material open time of ≈25 minutes. Tartaric acid added in a quantity of 0.78% R/B is
a suitable retarding agent.
Pseudoplastic OPC/PFA/CAC/CS mixes for AAM have hydrated densities of ≈1600
kg/m3 and achieve a FV up to 1% and structurally feasible 28-day compressive
strengths of ≈25 MPa. To achieve a 2% FV mix suitable for a UAV-attachable
miniature deposition device, mix density must be reduced from ≈1600 kg/m3 to ≈1400
kg/m3 by the addition of foam. This reduces compressive strength but increases flexural
strength and tensile capacity. Alternate 1% FV compressive and 2% FV flexural layers
may be extruded.
Yield stress and viscosity results provide the most accurate quantification of rheological
properties for OPC/PFA/CAC/CS mixes, due to the strong effect of environmental
temperature on material hydration. Fresh material suitable for AAM should possess a
yield stress of ideally 1.1 kPa, and certainly less than 1.3 kPa, for 25 minutes following
mixing.
A fibrous pseudoplastic OPC-rich OPC/PFA/CAC/CS composite material is suitable
for AAM on the provision that mixes are modified with accelerating or retarding agents
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This final chapter presents and discusses the conclusions arising from the overall
PhD research. For both polyurethane foam and cementitious mixes, the research
contained within the journal and conference papers is briefly summarised, the findings
are analysed in relation to additive manufacturing (AM) in construction and the overall
significance of the work is discussed. Recommendations for continuing aerial additive
manufacturing (AAM) materials and deposition device research are made.
The primary, overriding aim of this PhD was to develop a construction material,
suitably viscous while in the fresh state, which was compatible with a miniaturised
aerial extrusion-based system for in-situ deposition by a flying drone. Both
polyurethane foams and OPC-based cementitious pastes and mortars were rigorously
investigated. Experiments encompassed both freshly mixed material, to ensure the
deposition system was capable of extruding the material, and hardened cured specimens
to verify the mixes resulted in a material possessing the desired structural potential.
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11.1 Polyurethane foam
The initial dual-cartridge deposition device was developed for use with low density
polyurethane foam. Extruding the mixed material of higher density polyurethane foam
through the static mixer and tubing was easily done, although the static mixers and
tubing must be considered disposable, with only one use being possible.
High density Reprocell 500 polyurethane foam achieved ≈40 MPa compressive strength
at 0.1 strain and flexural strength exceeding 20 MPa at 0.05 tensile strain. High
and medium density specimens failed in a brittle manner while low density specimens
exhibited greater ductility. Foams had an environmental open time of 3 minutes, which
increased when mixed material was shielded from the environment within the deposition
device tubing.
Foam expansion occurred orthogonally to existing boundaries. All cured foam
specimens exhibited higher densities at layer interfaces due to a subsequently deposited
layer meeting the boundary of a cured previous layer. Interfaces were demonstrated to
be regions of strength when loaded perpendicularly but vulnerable to parallel loading.
Polyurethane foam seemed conceptually attractive to AAM - easily extrudable liquid
components which, once mixed, expanded during curing, therefore swiftly achieving a
high volume of printed material.
However, expansion involves a trade-off. The greater the expansion, the lower
the density (thus lower cured strength) and the greater the challenge to layered,
formwork-free deposition. Freshly mixed, expanding foam requires radical rheological
modification to be suitable for layered extrusion. Excessive shearing and lateral
expansion of fresh material occurred following deposition. The micro-particles added in
this study did not effectively increase the viscosity of freshly mixed material. Particle
additions encouraged foaming reactions, reducing density and compressive strength.
Consequently, freshly deposited material continued to deform under self-weight.
Objective 1 of developing a structural polyurethane foam material suitable for layered
extrusion by AAM, which would have been the world’s first application of high density
foam as a formwork-free structural material, was not achieved. Furthermore, in order to
be truly suitable for layered deposition, a foam-retarding agent would need to be added
to the mixed liquid components of high density foam in order to suppress expansion.
This is contradictory to the initial appeal of the material. Polyurethane foam has not
previously been used in any AM construction project as a structural material and it
is concluded by this research, with respect to objective 2, that pursuing the radical
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rheological modification of freshly mixed foam further would not be conducive to AAM
project progress.
The research has demonstrated that a two-liquid component foam can be successfully
extruded by a flying unmanned aerial vehicle (UAV). High density polyurethane
foam has significant structural potential for AAM if temporary supporting 3D-printed
material is used to act as containing formwork, which would subsequently be removed
following curing. Foam could also be used as an insulative element in a composite
system, with extruded cementitious mortar acting as both structural element and
formwork containing the extruded foam. Alternatively, foam could serve as temporary




Cement mixes clearly showed more suitability in the fresh state for an in-situ
extrusion-based method of deposition, where objects are built-up one defined layer
at a time. Objective 4 - selecting the most appropriate material for AAM - was met
by the decision to focus upon cementitious mortars for the remainder of the PhD.
Once additives and admixtures were introduced to fresh cementitious pastes, suitable
water/cement ratios were ≈0.47 and mixes possessed an open time of 2 hours. For
high-buildability mixes with additives such as silica fume, 28-day compressive strength
was in excess of 60 MPa, whereas high workability mixes featured 28-day compressive
strengths of ≈25 MPa. However, workability - defined in this thesis as the ability
of a material, possessing suitable rheological properties while in the fresh state, to
be processed (pushed through and extruded) through a miniature deposition device
- proved to be the primary driving parameter as deposition device development
progressed and lower densities were required.
A 28-layer structure was printed by multiple UAVs. This used a pseudoplastic
cementitious material developed by this author with densities ranging between 1600
- 1800 kg/m3. 4 mm radius tubes and nozzles were determined as optimal for a
miniature deposition device. Low sand/binder ratios (where fine aggregate was present)
of 0.4 maintained sufficient workability. Suitable material possessed 28-day compressive
strengths of ≈25 MPa, complex moduli G* between 4-9 MPa and phase angles δ from
2° - 5°.
The material used a combination of hydroxyethyl methyl cellulose (HEMC) and
xanthan gum as rheology modifying admixtures (RMA) to provide sufficient
buildability. Between 400 N (workability limit) and 800 N (buildability limit) of force
was required to push mixes through the deposition system, with mix viscosity being
105 Pa.s in the cartridge, 102 Pa.s while in the tubing and 107 Pa.s once extruded and
at rest. Mechanically vibrating fresh mixes increased density and reduced air voids.
Polyvinyl alcohol (PVA) chopped fibres are suitable for AAM, improving buildability,
while not prohibitively impeding workability, and promoting flexural ductility. Fibre
volumes of 1% are achieved with fine aggregate-free ≈1600 kg/m3 mixes, but hydrated
density must decrease to ≈1400 kg/m3 for 2% fibre volume, in order to maintain
sufficient workability. High tensile-strength fibres failed by being pulled out of
cementitious matrices.
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Adding calcium aluminate cement (CAC), with calcium sulphate (CS), reduced mix
open time. CAC is highly affected by temperature, with acceleration required in
low temperatures and retardation required at ≥14.5°C. Tartaric acid added at 0.78%
retarder/binder proved suitable. To mitigate deposited fresh material deforming under
subsequent layers, a mix open-time of 20 - 25 minutes is optimal. A suitable yield
stress within the open-time of cementitious mixes is quantified as 1.1 kPa, with 1.3
kPa identified as a maximum possible level.
Objective 3 - the development of a cementitious paste or mortar suitable for AAM -
has been achieved, with structurally viable material deposited in defined layers using
AAM being demonstrated. The RMA combination of HEMC and xanthan gum can
be used in fresh mixes to promote workability and provide sufficient buildability.
This development of an effective RMA solution for AAM fresh cementitious mixes
has achieved objective 5. The combination removes the need for mixes to contain
fine aggregate. The objectives of achieving sufficient workability to pass through a
miniaturised deposition device (objective 6) and of using power only supplied by a
UAV power cell, with no additional energy source (objective 7), have been met.
Ordinary Portland cement (OPC) forms the basis of the binder and is augmented by
pulverised fuel ash (PFA) to aid workability and minimise carbon footprint. It was
necessary to reduce fresh mix densities from traditional mortar levels (>2000 kg/m3,
which ground-based AM studies are able to achieve) down to ≈1700 kg/m3 to facilitate
sufficient workability to be able to pass through a UAV-compatible miniature deposition
system. It must be accepted that for AAM, cementitious material will not be considered
as high performance with respect to strength. However, compressive strengths achieved
by AAM cementitious materials in this research remain structurally viable.
It is reasoned that when considering the three key material parameters of compressive
strength (once cured), workability and buildability (both while fresh), one can achieve
improvements in two of these parameters at the expense of the third. Key to this
research was the improvement of workability (so the material could be extruded
through a miniature device on a flying drone) and buildability in the fresh state (to
facilitate clearly defined printed layers without formwork or excessive deformation),
which required lowering mix density and increased use of RMAs, without excessively
compromising 28-day compressive strength (therefore ensuring AAM cementitious
material remained structurally viable).
1600 kg/m3 - 1800 kg/m3 mixes are capable of retaining shape upon deposition
and deformation due to self-weight is negligible. Addressing deformation due to the
deposition of subsequent layers was a more challenging task, but this can be mitigated
by either increasing RMA content and retaining a longer open time, or accelerating the
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fresh mixes using CAC (with CS) and reducing the open time. Both approaches would
benefit from further deposition device development, to either increase the force available
to push material through (the RMA approach) or to protect the cartridge from binder
reaction temperatures (the CAC approach). CAC is very effective at accelerating the
hardening of fresh AAM mixes, therefore objective 8, determination of a method of
significant material open-time reduction, has been achieved.
For AAM applications, known hardening times are crucial and again, there is a
trade-off. If material has an open time of 2 hours, there is sufficient time to
extrude a full cartridge (plus additional time for contingency) with no risk of material
hardening within the deposition device. If hardening is promoted with the use of CAC,
this minimises deformation of extruded material and allows subsequent layers to be
deposited more quickly. However, CAC is unpredictable, with effects significantly
varying with environmental temperature and quantity added. If material hardens
within deposition device components, the material in the cartridge is lost, the flight
must be halted and components must accordingly be considered disposable, thus
increasing operational time and costs.
Reinforcement in AM construction is a major challenge. Fibrous content as a (partial)
substitute for traditional steel rebar and as a method of addressing shrinkage and
cracking is a subject of ongoing research throughout all AM cementitious research
projects. For AAM, chopped fibres can be incorporated into fresh cementitious mixes
and they represent a viable approach for introducing an element of reinforcement. PVA
fibres are considered the most suitable chopped fibrous material trialled in this study.
Objective 9, the inclusion of fibres in an AAM fresh mix as an element of reinforcement,
reducing crack propagation and increasing ductility, has been met.
To meet objective 10, identifying a recommended mix design for AAM applications,
the material research in its entirety must be considered in relation to compatibility
with the currently available deposition device design. The objective is met with the
author’s following recommended structural mix option for continuing AAM research:
• A cementitious OPC:PFA 65:35 binder paste, with HEMC and xanthan gum
added to control the rheology, resulting in a yield stress of 1.1 kPa and promoting
shear-thinning properties, reinforcing chopped PVA fibres added in a 1% volume,
and a sulfonated melamine-based superplasticiser (which performed well in
chapter 11) to keep water/binder ratios below 0.5.
• To increase ductility, EAB foaming agent may be added to fresh mix slurries,
which promotes workability by reducing the density and viscosity of mixes, to
increase fibre volume to 2% in alternating or periodically deposited layers.
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11.2.1 Recommendations for continuing AAM cementitious research
The research carried out for this thesis placed emphasis upon the fresh properties of
developed materials and the capabilities of a miniature deposition device to extrude the
material. The primary tests involving hydrated cementitious material were mechanical
tests to verify whether developed material had structural potential. Consequently,
research may be continued by looking at further properties of the hydrated cementitious
mixes developed in this thesis. Work may be continued further on the manner of
extrusion. Deposition device design can be modified or up-scaled. The ability of a
flying UAV to land upon a vertical surface and extrude material, using a delta robot,
on to that vertical surface may also be explored further.
The following tests are recommended to continue materials-based research for AAM:
• Conduct mercury intrusion porosimetry tests to examine the percentage, size and
shape of pores present in developed cementitious pastes and mortars.
• Considering the conversion process of CAC, investigate material left to hydrate for
longer than 28 days, both with and without CAC added, to identify any potential
detrimental effects of CAC upon mechanical performance and durability.
• Investigate inter-layer adhesion bonding of fibrous material and bonding of an
initial layer to a substrate, using flexural, tensile tests and pull-off tests with
cured specimens. Investigate shrinkage (plastic and drying) of cured layered
specimens and crack propagation in tests and compare with fracture mechanics
theory such as Griffith’s criterion and fracture energy tests. Inter-layer bonding
may be promoted by changing nozzle shape to rectangular, with curved corners.
This may be achieved with continuing UAV yaw development.
• Investigate nano-clay as an alternative, or additional, RMA. This has been shown
to reduce open time and improve cohesion, stability and increase viscosity (Rubio,
Sonebi and Amziane, 2017).
• Future deposition device developments may expand AAM materials research to
facilitate stiffer, denser mixes being extruded and the upscaling of deposited
filaments. Developments may consist of increasing in size or greater plunger
forces, or alternatively investigating changing to an auger design.
• Investigate life-cycle assessments or the application of a multi-criteria analysis
method (Maskell, Thomson and Walker, 2018) on developed cementitious pastes
to assess values and long-term environmental impacts of AAM materials.
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11.3 Research conclusion
To the authors’ knowledge, the 28-layer structure represents the world’s first on-the-fly
extrusion-printing of a cementitious structure by coordinated UAVs. Developed
cementitious pastes and mortars have been deposited by a miniature deposition device
attached to, and powered by, a flying UAV following a programmed trajectory. It has
been demonstrated in practical workshops that multiple UAVs can be coordinated to
print different layers, or parts of layers, of a structure using mixes developed in this
research. Mixes have lower density than traditional mortars, but remain suitable for
structural applications.
A shear-thinning dual-component RMA was developed during the research by
combining Xanthan gum with HEMC. To the authors knowledge, this combination has
not previously been used in a cementitious construction material. The absence of fine
aggregate in AAM mixes, facilitated by this RMA combination, improves compressive
and flexural strength. Additional material costs can be mitigated by the ensuing
simplification of mixes, thus improving manufacturing speed and operational efficiency.
This study has shown that automated, in-situ, multi-agent aerial construction can
happen on-the-fly. This creates new design and logistical capabilities for AM in
construction to complement ground-based extrusion methods. Construction and
repair work is dangerous in difficult-to-access locations and carries an inherent risk
of accidents, injuries and fatalities, particularly at elevation. Rapid repair work on
infrastructure, tall buildings, bridges and marine and tidal structures would be suitable
applications for AAM, with safety risks reduced through increased automation. The
scope for bespoke design and the high-precision UAV extrusion of cementitious material
suggest AAM would be suitable for in-situ construction of lightweight, architecturally
innovative and structurally efficient designs.
It is concluded that AAM, using a structural cementitious paste with a novel
combination of pseudoplastic hydrocolloids developed during this research, has the
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Aerial AM: 3D printing with multiple autonomous aerial
robots
A.1 Commentary text
This Appendix contains the full major collaborative paper submitted to the journal
Nature, including the author’s work presented in chapter 8. This paper covers practical
workshops featuring in-situ extrusion by flying drones and all partners involved in
the AAM project made a contribution. To observe the coordinated drones extruding
material of my design and manufacture was an enormously rewarding experience. The
paper collectively took a full year to write and, at the time of thesis submission, it had
passed the editorial panel stage and is undergoing peer-review. This paper showcases
the world’s first object extruded by coordinated flying drones using structurally viable
cementitious material. The format of the submitted paper adheres to the formatting
scheme of Nature and consists of:
• The main paper (which will be published in hard and soft copy), which has six
high density-information figures.
• A further five extended data figures and two extended data tables to accompany
the main paper.
• An extensive supplementary data section (to be published in soft copy only),
containing supporting and theoretical content for all aspects of the process and
an additional 24 supplementary figures and 6 supplementary tables.
This is a large, multi-disciplinary paper; therefore, it has been noted on the statement of
authorship specifically where the content written by this author (contained in chapter
8) is placed within the overall paper. Material mixes continue the experimentation
begun in chapter 7 with pseudoplastic hydrocolloids as RMAs, to facilitate the required
workability and buildability. Drones are termed both "unmanned aerial vehicles" and
"aerial robots" in the paper to appeal to a varied readership familiar with multiple
terminologies. The drones extruding material are referred to as "BuilDrones" and
drones which scan extruded layers in between layer deposition are termed "ScanDrones".
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A.3.1 Abstract
Robotic construction is a research area currently experiencing significant growth due to
its potential to deliver improvements in productivity, safety and material efficiency. In
particular, additive manufacturing (AM) methods using static and mobile robots are
being developed for both on-site construction and off-site prefabrication. Mobile robots
offer greater flexibility over static systems. However, they involve additional challenges
that require developments in robot hardware, perception, control, application-suitable
materials and robot team-based coordination. A new method of AM is introduced,
referred to as Aerial-AM, which utilises a team of aerial robots to collectively construct
a structure by extruding high-performance material during flight. To achieve this, a
number of key technologies required parallel development due to their inter-related
dependencies. To enable accurate manufacturing in flight, we developed autonomous
aerial robots, BuilDrones, equipped with a model predictive flight control system and
a dynamically self-aligning delta manipulator to achieve manufacturing tolerances of
less than 5 mm. To achieve in-flight manufacturing, we developed and analysed
four engineered cementitious-polymeric composite mixtures suitable for continuous
aerial material deposition. Inspired by natural builders who use collective building
methods, we present a scalable multi-robot printing and path planning framework
that enables robot tasks and population size to be adapted to variations in print
geometry throughout a construction mission. By demonstrating a proof-of-concept
print of a 28-layer cementitious cylinder structure, multi-robot simulations and a
light-trail virtual print of a dome structure, we reveal the adaptive and scalable
nature of the Aerial-AM method. The key enabling technologies of Aerial-AM allow
manufacturing in-flight and offer future possibilities for building in unbounded, at
height, or hard-to-access locations.
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A.3.2 Aerial-AM
A.3.2.1 Natural precedents for in-flight manufacturing
Natural builders demonstrate significant degrees of scalability and adaptability in
building their habitats, and many do so with the aid of flight and additive
manufacturing (AM) methods. A Barn Swallow additively builds its nest, utilising
mud mixed with other locally available materials. The minimal material payload the
Swallow can carry necessitates twelve hundred trips between its material source and
the construction site in order to complete its home (Speich, Jones and Benedict, 1986).
Social insects such as termites and wasps exhibit greater degrees of adaptability
and scalability in free-form manufacture due to parallel construction activities that
enable the manufacture of a habitat considerably larger in scale relative to the
size of any one builder (Hansell, 2007), without requiring temporary scaffolds or
support materials. Social insects’ habitats embody highly sophisticated environmental
engineering performance, and are able to be maintained and adapted over time by
the same collective builders. Unlike termites, the aerial construction undertaken by
social wasps offers more efficient and direct path optimisation, with flight alleviating
the requirement to navigate over or around, previously built material throughout the
construction process (Theraulaz et al., 1999).
These natural systems inspired the research topic of collective construction employing
a network of mobile robots operating as a multi-agent system (Petersen et al., 2019).
The key promise of this bio-inspired approach (Kovač, 2014) is that the material use,
the collective interaction methods and the environmental manipulation mechanisms are
integrated and co-developed, leading to high system performance.
However, research into mobile-robot construction is in an early exploratory stage
of development, and is to date, predominantly focused on assembly. Ground-based
mobile robots have been used for the on-site assembly of bricks (Helm et al., 2012) or
demonstrations of earth-moving/object-shuffling operations (Brooks et al., 1990), and
block stacking (Werfel, Petersen and Nagpal, 2014; Furrer et al., 2017). Unmanned
aerial vehicles (UAV) (Floreano and Wood, 2015) have been employed for the assembly
of discrete pre-fabricated building elements such as foam blocks (Willmann et al., 2012;
Augugliaro et al., 2014), modular space-frames (Lindsey, Mellinger and Kumar, 2011),
tensile nets (Mirjan et al., 2016; Braithwaite et al., 2018; Stuart-Smith, 2016), and
fibre composites (Kayser et al., 2018). Mobile-robot research has started to employ
AM methods (Sustarevas et al., 2018; Zhang et al., 2018a) but to date these systems
do not involve aerial robots.
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An Aerial-AM system (Figure A-1) is proposed - operating as an automated
manufacturing process, capable of coordinating parallel building actions amongst a
team of autonomous aerial robots. Aerial-AM benefits from manufacturing approaches
common in natural builders, including:
1. Automated aerial robotic builders - a system of autonomous aerial agents
performs precise continuous additive material deposition.
2. Scalable un-bounded (envelope-free) manufacturing - using the aerial agents to
collectively construct in a variable team size, able to adapt building operations
to different manufacturing scales and geometries.
3. Incremental manufacturing - employing large numbers of trips between material
supplies and the manufacturing site, carrying small amounts of materials at a
time.
4. Incremental measurement - using scanning to monitor building operations.
5. Free-form manufacturing - engineering of structural geometries that can be
constructed without requiring temporary scaffolding or support material to enable
free-form manufacture.
A.3.2.2 AM of buildings in industry
Moving toward greater productivity and cost-efficiency, the construction industry
is increasingly adopting robotics-based technologies (Gambao et al., 1997; Taylor,
Wamuziri and Smith, 2003; Keating et al., 2017) due to their advantages in addressing
current challenges (Tay et al., 2017). The integration of autonomous robotic systems
also addresses the hazardous nature of construction sites and the significant threats to
the health and well-being of construction-workers, in particular, for working at-height
and in confined environments. The industry also faces challenges in on-site logistics
and access, that currently result in significant project delivery time delays, and large
amounts of material waste (Yossef and Chen, 2015; Khoshnevis, 2004).
While offering the potential for low cost, safer and rapid construction, robotics-based
approaches introduce new grand challenges (Bos et al., 2016; Labonnote et al., 2016)
such as the flexibility and scalability of manufacturing, the requirement for such
systems to operate autonomously, the need for integrated digital design-engineering and
construction processes, and their suitability for diverse spatial-geometric conditions.
Robot technologies have been developed for both the assembly (Gambao et al., 1997)
of building elements and free-form continuous AM (Lim et al., 2012). Compared
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to the assembly of prefabricated elements, AM using monolithic materials enables
the production of large-scale, free-form and geometrically complex and continuous
structures that are able to provide improvements in material efficiency (Gosselin et al.,
2016).
Currently, approaches to large-scale free-form AM for off-site manufacturing (Cobod,
2019) and on-site construction (ApisCor, 2019) utilizes ground-based robot arms and
gantry/crane systems such as contour crafting (Khoshnevis, 2004) for concrete printing.
Such systems employ either a continuous material extrusion AM method that deposits
material directly in place (Buswell et al., 2018) or a powder-binder method that involves
jetting a binder material into a bed of cementitious powder (Cesaretti et al., 2014).
These technologies have been successfully introduced into the building sector but
typically only manufacture items off-site up to 2 m in height. Limited larger on-site
examples exist, including a 6 m high powder-binder machine by D-Shape (Cesaretti
et al., 2014) and the Big Delta Wasp AM system that is able to print up to 12 m in
height (WASP, 2019). These examples however, necessitate scaling-up robot hardware
to a larger dimension than the desired print geometry’s work-envelope.
Such manufacturing-scale work-envelopes render parallel operation or occupation of a
building site by people or other machinery difficult and dangerous. Furthermore, these
large-scale systems do not support agile applications such as inspection/maintenance
(Hutter et al., 2018), repair (Chermprayong et al., 2019), or manufacture in remote,
hard to access or hostile environments (Bellingham and Rajan, 2007), where transport
or installation of large infrastructure is not feasible.
As an alternative approach to large single-robot systems, a team of small mobile robots
could offer greater flexibility and scalability to build structures far larger in size than
the individual robots themselves (Petersen et al., 2019). However, enlisting a large
number of individual robots to work together introduces additional complexity to
manufacturing operations that requires solutions to multi-robot coordination beyond
currently available technologies.
A.3.2.3 Inter-related aspects of Aerial-AM
To achieve autonomous in-flight AM with a team of aerial robots requires parallel
development of a number of key enabling technologies that must be considered together
due to their inter-related dependencies. We present a new aerial robot platform
engineered for AM operations that embodies custom developments in mechanical
extrusion and alignment hardware and individual and multi-robot control software.
These developments are intimately related to material and structural research that
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Figure A-1: Aerial AM (Aerial-AM) robotic system overview. a, Autonomous
UAVs deposit material layer-by-layer while monitoring manufacturing progress, with
remote human supervision. b, Tests involved two BuilDrones 3D printing cementitious
material by sequentially flying between a ground station and the 3D printing site,
while a ScanDrone scans the structure utilising an on-board vision system. c, Material
extrusion mechanism. d, Delta parallel manipulator adaptively alters the position of
the nozzle to mitigate position and altitude deviation of the quadrotor. e, Printed top
section of a scalable tower structure using a custom developed printing path.
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addresses the suitability of the system for large-scale AM. In particular, the absence of
traditional form-work presents a major challenge in the engineering and development
of materials (Marchon et al., 2018) for large-scale AM, where freshly mixed material
is required to possess suitable rheological properties (Jiao et al., 2017; Zhang et al.,
2018b) and known curing or hydration time-scales (Bentz et al., 2018).
A series of cementitious materials were developed and tested to arrive at a material that
performs well when carried and extruded by an Aerial-AM robot platform. Further,
both on-site and off-site measurements underpin quality assurance in the construction
sector. However, there are limited metro-logical tools and methodologies available
for different AM techniques (Tofail et al., 2018). To accommodate measurement of
mobile-robot manufacturing operations an aerial mapping approach to measurement
and monitoring was utilised.
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A.3.3 Aerial-AM Robotics
A.3.3.1 Two Aerial-AM robot platforms
The Aerial-AM system (Figure A-1a) is composed of two aerial robot platforms referred
to as BuilDrone and ScanDrone (Figure A-1b). We engineered the former to implement
autonomous 3D printing of physical materials and built the latter for incremental
post-printing scanning and for virtual light-trail printing (where we utilised an LED
light attached to each ScanDrone in lieu of a material extrusion system to light-paint
a 3D print trajectory).
The BuilDrone involved greater performance challenges, due to the fact that aerial
robots, particularly small UAV, are unstable platforms affected by environmental and
self-induced turbulence, sensor drift, and fluctuations in the robot’s centre of gravity
occurring during flight. The instability of the platform had to be addressed to enable
sufficient manufacturing precision using a material extrusion system with an 8 mm
diameter nozzle (Supplementary Figure A-13).
To achieve manufacturing precision during flight, the proposed BuilDrone aerial robot
coupled a quadrotor platform with a customised self-aligning Delta parallel manipulator
(Figure A-1d). The Delta manipulator’s base is mounted underneath the quadrotor
frame while its end-effector implements 3-degrees of freedom (DOF) translational
motion relative to the quadrotor frame. We used the added DOF of the Delta
manipulator to compensate for position, tilt, and altitude deviation of the quadrotor as
a function of the lever arm between the quadrotor’s centre of mass and the end-effector
(Extended data Figure A-7). With the nozzle mounted on the Delta manipulators
end-effector, the BuilDrone ensures the nozzle tip is stabilised for depositing material
precisely along a specified printing path (Supplementary Methods Section 1). Further,
an on-board computer (Intel150 ® NUC i7 processor) is used to execute control
algorithms.
Taking into account the specifications of all subsystems (Supplementary Table A.7)
and the weight of materials to be loaded on the BuilDrone, the quadrotor platform
was customised with a kerb weight of 2.1 kg, including a pair of 6S LiPo batteries, and
a maximum take-off weight of 6.6 kg to enable 18 minutes flight time and 2.5 kg of
payload. The ScanDrone (Figure A-1b) requires a smaller set of sub-systems. It consists
of the same high performance computer as for the BuilDrone, a GoPro camera and an
Intel® Realsense Tracking Camera. A LED light was also installed on the underside of
the quadrotor frame for use in virtual light-trail printing demonstrations. Due to the
338
relatively small payload, a quadrotor platform with a diagonal wheelbase of 450 mm
(DJI F450 frame) is utilised to achieve a flight-time comparable to the BuilDrone.
A.3.3.2 Material extrusion system
An Aerial-AM BuilDrone is tasked with transporting material from a material supply
location (Figure A-1a) to a building site where 3D printing is directly undertaken by
depositing the constituent material layer by layer. Given the small amount of material
that can be transported at one time per aerial robot, a large number of flights are
required to complete a manufacturing task necessitating a reliable, low-mass and low
complexity method to transport and extrude material. In order to minimise potential
surface cracking and material wastage, while obtaining favourable levels of accuracy
and surface finish, a material extrusion mechanism was developed (Supplementary
Figure A-13a) based on the forward extrusion method as well as the requirements
to accommodate freshly mixed cementitious mixtures, engineered for free-form AM.
To achieve continuous extrusion and obtain precise and repeatable material flow
rates, the extrusion mechanism is integrated with a control valve (Supplementary
Figure A-13b) to effectively control material flow by pinching the material supply tubing
and a one DOF material cutter (Extended data Figure A-13c) to precisely stop/start
material extrusion from the depositing nozzle.
A.3.3.3 Controller for autonomous Aerial-AM robots
To achieve fully autonomous flight and improved pose precision in a wider range of
scenarios and conditions, including slow (manufacturing) and high velocity (navigation)
motion, we developed and integrated a suite of algorithms which can adapt to both the
BuilDrone and ScanDrone platforms. Each platform is controlled via a classic cascaded
architecture (Extended Data Figure A-8a) that employed a Pixhawk attitude controller
which interfaced with a custom-developed position controller (3D position and yaw
angle) and a finite-horizon Model-Predictive-Control (MPC) scheme (Extended Data
Figure A-8b).
A high-level interface to the MPC in the Robot Operating System (ROS) framework is
provided to support task and trajectory planning, and semi-automatic control modes
which are implemented using a task queue on top of ROS communication via WiFi,
exposing tasks (Extended data Table A.1) throughout real-time operation. For the
BuilDrone platform, a second ROS package for the Delta manipulator controller
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was developed. The controller utilises the real-time pose from the BuilDrone and
its task-assigned 3D-printing path set-points to compute inverse kinematics of the
manipulator and thus correct its pose by compensating for the quadrotor’s tilt
and position deviations relative to reference printing coordinates (Extended Data
Figure A-8c). The Dynamixel SDK system (Dynamixel, 2019) was utilised to establish
communication between the on-board computer and Dynamixel servos used in the
Delta manipulator. The controller for the Delta manipulator runs in parallel to the
MPC controller, illustrated in the control flow diagram of the BuilDrone with integrated
Delta manipulator (Extended Data Figure A-8).
A.3.3.4 Multi-agent Aerial-AM framework
Aerial-AM requires a single or multiple aerial robots, supplied with their own battery
and material payload, to make coordinated autonomous flights to and from varying
deposition locations. To enable operation within a large volume for building scale
manufacturing, this approach also requires local robot decision-making in order to
adapt to external and dynamic parameters such as variations in task allocation, complex
building geometries, external environment factors, resources and live concurrent
activities during the act of construction. To investigate the manufacturing performance
of using this approach for coordinating multiple networked aerial robots, a Multi-Agent
Aerial-AM framework was developed, providing capabilities for live autonomous task
allocation, spatial collision awareness, collective organisation and system robustness
through redundancy.
Compared with traditional construction systems which focus around use of a single
robot, Aerial-AM is designed to leverage bottom-up approaches found in multi-robot
control. Shown to work in a variety of real-world scenarios such as search and rescue
and asset management inspection, it is considered that methods for bottom-up control
coupled with features for local sensing, mapping and localisation enable robots to
operate autonomously with minimal supervision and provides systemic redundancy
against problems such as loss of communication or robot mechanical failure (Petersen
et al., 2019). Nature also provided inspiration, whereby bottom-up principles of
self-organisation based on simple local rules of interaction operate to solve complex
construction problems and are known to be capable of working in dynamic and
unforgiving environments (Werfel, Petersen and Nagpal, 2014). In developing the
Aerial-AM framework, we evaluate the performance of a distributed approach to
construction and its adaptation to building geometry (please refer to Supplementary
Methods).
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A.3.4 Cementitious material for Aerial-AM
As a method for in-flight manufacturing, Aerial-AM involves payload constraints that
require the miniaturisation of material deposition techniques relative to ground-based
AM methods. The BuilDrone utilises an extrusion mechanism that implements a
forward extrusion method to lay a continuous deposition of material. The achievement
of a balance between material ‘workability’ (requiring liquid-like, flowing behaviour)
and ‘buildability’ (requiring solid-like, elastic behaviour), without compromising
strength, required a new cementitious material to be engineered.
Fresh materials suitable for the extrusion system (Figure A-2) required a high level
of pseudoplasticity with minimal thixotropic time-lag, leading to low viscosities while
under stress within the deposition system, yet swiftly returning to orders-of-magnitude
higher viscosities once deposited and at rest. Pseudoplastic rheological modifying
admixtures (RMA) were utilised to influence workability (while in the deposition
system) and buildability (upon extrusion). RMAs with long polymer chains can
retard hydration reactions, therefore it was decided to focus upon the fresh rheological
properties of the material for Aerial-AM mix formulation.
Cementitious and polymeric composite materials were examined in this work
(Figure A-2). Specifically for the Aerial-AM system (Figure A-1a), a novel
cementitious-based composite mixture was developed, focusing upon polymeric RMAs
being utilised to reduce fine aggregate requirements and facilitate successful deposition.
Emphasising workability for in-flight printing with the BuilDrone, various
constituents were investigated and apposite constituents for Aerial-AM were identified
(Figure A-2a). Constituents such as silica fume and silica flour contribute to
higher-performance strength - the small (generally below 0.1 µm) particles increase
buildability with the filling of voids in material such as CEM1 (Dragon Alpha 42.5
R) and sand, but reduce workability. Therefore, they were not used in printing
experimentation. Equally, angular-particle building sand with rough surfaces (thus
promoting buildability) was not utilised due to adverse affects on workability, whereas
smooth-particle sand was included.
The cementitious binding material was based upon CEM1 with type-F pulverised fuel
ash (PFA, supplied by Cemex EN-450) at a ratio of 65:35. PFA, a by-product of
the coal industry (Hilal, 2016), was added to both minimise carbon footprint and aid
workability with a microstructure of rounded particles (Jiao et al., 2017), along with
contributing to increased strength. The plasticiser used was "Adoflow S", manufactured
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Figure A-2: Four cementitious-polymeric composite mixes trialled with the
UAV; 1 (green), 2 (orange), 3 (red) and 4 (blue), with mix 1 possessing the best
buildability (the ability of the material to retain shape and resist deformation following
extrusion due to subsequently deposited layers) and mix 4 the best workability (the
ability of a material to be pushed through and extruded from a deposition device).
a: Potential constituents plotted to show contribution to the properties of mixes.
Workability is considered to be the primary parameter, with the selected constituents
for mix formulation highlighted.
b: The full constituent specifications of mixes 1 -4 in kg/m3 to three significant
figures. Key: CEM1=Portland Cement, PFA=Pulverised Fuel Ash, Xan=Xanthan
gum, hemc=Hydroxyethyl methyl cellulose, Foam=EAB Associates foaming agent
mixed with water and brought to a stiff-peak consistency, Plast.=Adoflow ’S’ plasticiser.
Fresh mix densities: 1 : 1793 kg/m3, 2 : 1741 kg/m3, 3 : 1757 kg/m3 4 : 1760 kg/m3.
c: Viscosity flow profiles for mixes 1 -4 and viscosity values relating to the four mixes
while at rest, in the cartridge and in the tubing indicated.
d: Material properties of mixes 1 -4. Key: phase angle δ (°), complex modulus G*,
28-day compressive strength f28c, 28-day flexural strength f28f (all MPa) and the force
required to process the material through the deposition device and tubing (N), the
value shown on the figure being the true value divided by a factor of 10. Error bars for
compressive strength and flexural strength denote the standard deviation. Error bars
for the force required show the maximum and minimum values recorded while material
is being extruded, with the mean shown in the bar. Error values for δ and G* show the
maximum and minimum values recorded during the two hour period of the oscillation
tests.
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Based upon trial mix formulations, it was considered that hydroxyethyl methyl cellulose
(HEMC), a synthetic hygroscopic compound (Cano-Barrita and Leon-Martinez, 2016)
chemically derived from cellulose (Khayat, 1998), was an effective binding constituent.
Xanthan gum, a hydrophilic native bio-polysaccharide derived from the the bacteria
Xanthomonas campestris (Casas, Mohedano and García-Ochoa, 2000), following an
aerobic fermentation process, proved an effective RMA.
Four mixes, titled 1 - 4, were identified as being suitable for the BuilDrone material
extrusion system. The most workable mix, 4, passed through the material extrusion
system with relative ease while the most buildable mix, 1, challenged the capabilities
of the mechanism. Mixes 2 and 3 were within the boundaries of mixes 1 and 4. The
mix constituents are detailed in Figure A-2b, which shows constituents as a percentage
of the overall mix by mass. Plasticiser content was maintained at 1% by weight of
cementitious binder in all four mixes.
Material deposition tests using the BuilDrone, with its integrated material extrusion
system, resulted in successful extrusion during flight of mixes 2, 3 and 4. The flexural
and compressive strengths, tested at 28 days, are shown in Figure A-2d. Mix 3
possessed the highest flexural strength, approaching twice that of the other three mixes.
Mixes 3 and 4 possessed the highest compressive strengths, showing structural viability
of ≈25 MPa. These did not possess fine aggregate, using the HEMC and xanthan
gum combination to provide buildability. The force and current required to push the
material through the extrusion mechanism cartridge, metal connectors and 560 mm of
tubing is shown in Figure A-2d.
Force and current requirements increased as the material passed through the tubing
and plateaued during extrusion, with the figure showing the mean value of the plateau
range divided by a factor of 10. The level of force required for material processing is
between 350 N and 600 N. A mix below this range, though easy to process, does not
possess sufficient buildability. Mix 1, possessing sand and a greater quantity of xanthan
gum than mix 2, required the highest force and power to process. Mix 1 could not
be successfully extruded by the BuilDrone during flight, therefore it is considered as a
quantitative upper limit to the extrusion capabilities of the current deposition system.
The mixes were subjected to stresses whilst in the cartridge ranging from 0.197 MPa
for the most workable mix 4, progressing to 0.323 MPa for the most buildable mix 1.
The above results show that a cementitious-based material suitable for Aerial-AM
should possess a complex modulus (G*) value ranging from 4 MPa to 9 MPa,
with low phase angles indicating elastic behaviour domination. All mixes exhibit
pseudoplasticity and the shear rates equivalent to those experienced by the material in
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both the 310 ml cartridge and 560 mm length of 8 mm diameter flexible tubing of the
deposition device are indicated in Figure A-2c.
The results further quantify the buildability of mix 1, possessing the highest viscosity,
and the workability of least viscous mix 4. Viscosities are in the order of 107
Pa.s while at rest or subject to low stress, reducing to 102 Pa.s while subjected to
stresses comparable to those experienced by material moving through the tubing of the
depositing system. As the extrusion system is constrained in its use of the BuilDrone’s
power supply, greater extrusion efficiency is preferred as it will have less impact on
energy supply levels. Mix 3 was found to possess an optimal balance in between
workability and buildability in addition to high viscosity at rest due to the absence of
fine aggregate and foam in the mixture.
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A.3.5 Three geometrical designs developed to demonstrate Aerial-
AM capabilities
Aerial-AM is a novel approach to construction that enables a team of UAVs to additively
manufacture a structure either in sequence or in parallel. In order to evaluate the
potential of this method, we designed three different geometrical printing tasks: a
thin-walled cylinder, a multi-manifold tower, and a dome geometry. The cylinder and
dome geometry are designed to demonstrate 3D-printing capabilities of the Aerial-AM
system, while the tower geometry proposes a scalable approach to design-engineering
that enables boundless construction by exploiting the unprecedented freedom in scale
and geometry that Aerial-AM affords.
A.3.5.1 Printing path designs for a thin-walled cylinder
With the cementitious mixtures engineered in this work, a printing path was designed
suitable for application in the manufacturing of a thin-walled cylinder of 320 mm in
diameter. Path designs were informed by parameters including: the manufacturing
precision of the deposition nozzle while the BuilDrone is in-flight, material deflection
when deposited material must span voids over the top of a previously deposited layer,
and material settlement when layers are under compressive loading from subsequently
deposited layers above (Please refer to Supplementary Experiments). Three designs, in
which spans were kept to a minimum, were implemented for constructing a thin-walled
cylinder:
1. Four adjacent concentric circles effectively forming a solid wall (Extended Data
Figure A-9a),
2. A rounded peano curve, with alternate layers staggered in the circular center-line
plane (Extended Data Figure A-9b)
3. A hybrid design consisting of three non-adjacent concentric circles alternating
with a compact rounded peano curve (Extended Data Figure A-9c).
Comparing the three different printing path designs, the rounded peano curve has
advantages in three aspects. Firstly, it required less material for thin-wall cylinders
with identical diameters: 5.85 m printed length per two layers compared to 6.79 m for
the hybrid design and 7.61 m for the concentric circles design. Secondly, it maintains
contact points constant between two layers even with some deposition imprecision, with
favourable aesthetic qualities. Thirdly, it provided greater structural efficiency relative
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to the amount of material used: Preliminary 7-day compressive strength tests were
conducted on four layers of manually-printed wall arc-lengths for the three trajectory
designs (See Supplementary Methods). Results indicated a mean 16.5 MPa for the
rounded peano curve, greater than 14.4 MPa recorded for the concentric circles.
A.3.5.2 A 12 m scalable tower geometry
In consideration of the ability of the Aerial-AM system to work at height, a new type
of tower structure is proposed that is scalable in terms of both the build size and
robot population. This vertical tower is possible to manufacture by horizontal layered
deposition, incrementally extruding material in a sequence of horizontal contour layers
that commence at the foot of the tower and slowly build up to the top, without requiring
temporary supports or form-work.
Figure A-3: 3D printing the top section of the tower structure. a, Computer
design model of the 12 m high tower structure built by AM based on numerical studies.
b, The section at high altitude of the tower built in virtual printing experimental tests.
The virtual printing speed is 50 mm/s, with 6 mm layer resolution. This results in a
3.2 m high structure using light trail techniques. c, The structure built by depositing a
cementitious mix with the BuilDrones, depositing the material at a speed of 10 mm/s.
The thickness of each fresh layer is determined by both the circular nozzle orifice
diameter (8 mm) and the minor stretching force while the nozzle tip moving along the
printing path with various geometry. The final height of the 28-layered structure is
180 mm after the material has settled. d, Reconstructed models of the actual printed
structure for assessment of the printing process. The data for 3D reconstruction is
obtained using both a GoPro camera and an Intel® Realsense Tracking Camera on the
ScanDrone.
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An algorithm was developed for producing a hollow structural form that is scalable,
capable of being realized as a 12 m tall pylon structure, or immensely scaled-up
(Figure A-3a). The proposal is premised on the fact that the compressive strength
of even the weakest concrete in Pascals or Nm−2, divided by its weight per unit volume
in Nm−3, results in concrete crushing only once it supports a solid column 1 km tall with
no taper. The tower’s geometry is inclined to a maximum angle of 7.3° off-vertical at
the base, slowly straightening to a minimum angle of 1.5° off-vertical. This inclination
ensures the structure is stable throughout the construction sequence without requiring
the use of temporary supports or scaffolding. To further decrease the volume of the
tower, the tower is developed to be of hollow construction and incorporates a number
of manifolds for greater lateral structural integrity.
In order to achieve this, the tower’s geometry includes a number of inclined hollow
sections that merge and branch throughout the build sequence which results in a
variable number of closed shapes on each deposition layer (Extended Data Figure A-10).
The conformal map (Extended Data Figure A-10a) shows contour lines of constant φ
and ψ generated by expressing the complex variable x + iy as an analytic function of
φ+ iψ. x and y are the Cartesian coordinates and i =
√
−1. The patterns correspond
to the flow of heat with six sources and one sink of three times the strength at the
origin. Thus half the heat flows to the centre and the other half goes to infinity. The
only difference between the images is the angular position of the sources. Contour lines
of φ are used as cross-sections to generate the tower (Extended Data Figure A-10b). In
choosing a section, one has control over the angular position of the sources, the value
of φ and the scale. The pattern inside the contour could be used for the floor structure
and the sources could be used for column positions.
A.3.5.3 A dome structure
To investigate the Aerial-AM framework and its adaptability to different geometrical
tasks, a dome-shaped geometry was designed, which consists of a decreasing print
contour area towards the end of the printing process near the top. This ensures that
print layers near the end of the printing assignment cannot accommodate the same
number of BuilDrones as lower contours of greater area, providing a suitable scenario
in which to evaluate scalability and adaptation in the number of robots undertaking
printing in parallel, whilst limiting congestion. The dome’s circular footprint and radial
symmetry also ensures that the experimental set-up is consistent for all robots radially
arrayed around its perimeter. In order to fit this geometry into the testing facility flight
arena, the geometry had to be relatively low-profile. A 2.5 m diameter dome geometry
was designed (Supplementary Figure A-15).
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A.3.6 Demonstrating Aerial-AM autonomous construction
To demonstrate the Aerial-AM system, the BuilDrone and ScanDrone platforms were
deployed in three scenarios to demonstrate the capabilities of the Aerial-AM system
using three different geometrical designs.
A.3.6.1 Additively manufacturing a thin-walled cylinder in-flight
Two BuilDrones and one ScanDrone were utilised to perform in-flight AM and on-line
scanning and assessment of an 180 mm high cylinder with a thin-walled path design and
extruded cementitious material. Using the selected cementitious mix 3 (Figure A-2)
and the pylon tower structure peano-curve design, a thin-walled cylinder structure
consisting of 28 horizontal layers, representing the top-most portion of the tower
structure, was printed. Each layer involved the deposition of the rounded peano curve
printing path (Extended Data Figure A-9b,c), resulting in a deposition length of 2.975
m which utilised the full capacity of the BuilDrone material payload and required
material to be refilled between each layer.
The printing speed of the BuilDrone for constructing the 28-layer cylinder was 10
mm/s and the plunger of the deposition device was accordingly driven to deposit a 10
mm bead of material per second, resulting in a flow velocity of the material of 0.294
mm/s in the cartridge and 4.44 mm/s in the flexible tubing. Printing velocities for
the 28-layer cylinder with an 8 mm layer resolution are summarised in Extended Data
Table A.2. With each deposition cycle, a volume of material would be lost due to
material remaining in the nozzle, internal space of the 3D-printed tapered component
and 560 mm length of material transmission tubing. An 8 mm diameter nozzle equates
to a ≈4000 mm maximum linear bead of extruded material per cartridge. The printing
path designs for the cylinder structure were accordingly set at 3000 mm, allowing for
one layer per cartridge, per flight, with extra capacity for contingency.
A.3.6.2 Partial light-trail virtual printing of the tower geometry
Working within the spatial constraints of the flight arena, a 3.2 m top section of the
12 m high tower geometry was also constructed using a virtual light-trail method
that illuminates an LED light to simulate printing activity in lieu of deposition
of cementitious material (Figure A-3b). This enabled us to extend and validate
capabilities for continuous operation for longer building sequences to virtually build
a larger print volume.
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Figure A-4: Evaluation of position accuracy of the BuilDrone and the de-
positing nozzle tip mounted on end-effector of the integrated Delta parallel
manipulator. a, BuilDrone position reference (in red) and the depositing nozzle
tip actual position (in blue) during the virtual printing of the high portion of the
tower structure employing the rounded peano curve path design. b, The close-up
view of the reference rounded peano curve path and the actual tip position for tests
with a compensation function from the Delta parallel manipulator and tests without
the compensation function. It intuitively illustrates the importance of the integrated
Delta parallel manipulator for achieving higher accuracy at the tip of the deposition
nozzle which is positioned a distance away from the mass centre of the quadrotor.
c, Quantitative evaluation of position accuracy of the tip of the depositing nozzle in
both the light-trail print and cementitious print. In the light-trail print, the absolute
position error in the lateral direction is higher than 0.5 mm, which may be caused by
the trajectory geometry’s small curvatures being difficult to implement at an increased
flight speed. In the cementitious print, the absolute position error is less than 0.5 mm,
which is proved acceptable for the 8 mm diameter nozzle.
A.3.6.3 Evaluating in-flight AM precision
With data obtained during the above manufacturing experiments, the accuracy of the
BuilDrone pose was evaluated as well as the tip of the nozzle in printing cementitious
mixture 3 (Figure A-2) and in performing the light-trail virtual deposition. Figure A-4
shows the BuilDrone reference position, BuilDrone effective position, and effective
nozzle tip position employing the control schemes as introduced above. For quantitative
evaluation of the printing accuracy, the trajectories of the Buildrone were logged during
the actual printing campaign.
Respective root-mean-square errors (RMSE) per layer of printing are provided
(Extended Data Table A.1)) for both the BuilDrone position and the nozzle tip position.
For a more detailed analysis of the positioning accuracy, the BuilDrone position
reference and effective position per axis (Extended Data Figure A-11) were studied.
349
The respective error statistics in Figure A-4 are also shown. Through statistical analysis
of the printing experiments, it was found that the positional accuracy of the nozzle tip
should be at least as high as the BuilDrone’s performance. However, it is worth noting
that the Delta manipulator not only had to compensate for deviations in the BuilDrone
position, but also from tip deviations due to altitude deviation as a function of the lever
arm between the BuilDrone’s center of mass and the nozzle tip. The accuracy of the
nozzle tip position is shown in Figure A-4.
A.3.6.4 Aerial-AM multi-robot light-trail virtual printing validation and
simulations of scaled structures
To evaluate the real-world performance of the Aerial-AM framework for multi-robot
flight, three ScanDrones were modified by adding an LED array to signify their printing
states (by colour) and conducted a series of light trail experiments (printing with light
in lieu of material). The performance of Aerial-AM was tested by undertaking a live
multi-robot aerial light trail print and validation studies in a set-up with a 2.5 m
diameter dome geometry (Supplementary Figure A-15) to demonstrate scalability of
the multi-robot system to adaptively manage a team of robots manufacturing in parallel
(Please refer to Supplementary Methods).
The results informed subsequent simulation experiments that explored the interaction
between scale and type of geometry relative to the number of available robots (five).
Through the light-trail print of the dome, it was demonstrated that the Aerial-AM
framework was able to concurrently coordinate a team of three aerial robots and adapt
to changes in geometry during the printing assignment. Additional behaviours such
as the ability to retire and autonomously overcome situations such as congestion and
robot failure were demonstrated, and further validated in simulation along with larger
populations of robots (Figure A-5, which is detailed further in the Supplementary
Methods).
The 2.5 m high dome geometry was divided into a number of horizontal print contour
layers and segmented into a total of 176 individual print jobs that were adaptively
distributed across three ScanDrones throughout the printing process. The Results
(Figure A-5) demonstrate the ability of the Aerial-AM framework to coordinate
real-world flights of multiple robots towards objectives suitable for 3D printing a
structure.
Figure A-6a, shows the ability of the framework to segment a building geometry
into individual print jobs which were then distributed across three robots that could
potentially hold a 3D-printing payload. Indicated by the red paths plotted in
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Figure A-5: Aerial-AM live flight functionality results. a, light-trail time-lapse:
red paths indicating trajectories when robot is not printing, blue paths highlight paths
following a print job. b, light-trail time-lapse mid-construction. c, overlay of robot
starting positions when not printing (red light) and printing state (blue light). d,
example of one robot adapting to congestion due to proximity to two printing robots.
This results in an autonomous decision to retire, and switch to a non-printing state to
return to a nearby base position.
Figure A-5a,b and colour-coded for each individual ScanDrone as recorded in flight
data Figure A-6a,b, local path planning solutions enabled multiple print jobs to be
printed concurrently whilst also providing real-time features for collision awareness
between the robots and the virtual dome geometry as it was being built. Figure A-6d
further shows the framework was able to adapt to geometry changes by self-retiring
the number of robots given the increasing spatial constraints with height, of a dome
structure.
Altogether, these results highlight the ability of the Aerial-AM framework to adapt
construction operations relative to building geometry through individual robot path
planning and congestion avoidance. Following the Aerial-AM multi-robot live
demonstration, a set of simulation experiments were undertaken that tested variations
in robot numbers printing varying sizes of dome and cylinder geometries (please refer
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to supplementary information Figure A-19 - Figure A-25). The domes and cylinders
were tested with equal diameters and equal total printing lengths, in order to assess the
impact of constant (cylinder) versus variable (dome) contour area throughout a printing
assignment. These studies demonstrate robot population size adaptation relative to
changes in print contour layer area throughout the printing of each geometry (see
Supplementary Figure A-26, Figure A-27).
Increases in robot population were shown to produce an exponential decrease in time
to completion for each dome and cylinder geometry. As expected, larger diameter
geometries exhibited greater rates of reduction in time to completion from increases in
robot population while dome completion rates could not be reduced to match cylinder
completion times due to their smaller average print contour layer area compared with
cylinders of the same diameter (see Supplementary Figure A-25). Simulated robot
participation numbers vary, with any available robot able to undertake a printing task,
resulting in a distributed and parallel printing operation. Figure A-6c demonstrates
the resulting print job distribution across 15 robots operating in parallel within a
simulated construction of a larger 15 m diameter dome. This simulation demonstrates
similar distributed robot participation in the number of robots as the live demonstration
indicated, as shown in Figure A-6.
A simulation model was also developed to test printing of the 12 m high tower structure
geometry. At its base, the largest print contour of the tower is only 1.492 m wide.
Experimental results from the dome and cylinder studies indicate no decreases in time
to completion when using more than one robot on the 2.5 m diameter geometries
(Supplementary Figure A-25). As such, one robot was utilised to simulate the tower
printing process, resulting in an estimated total manufacturing time of 50.44 hours
(Supplementary Figure A-35).
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Figure A-6: Aerial-AM live flight functionality results. a, 2.5m Diameter Dome
Real Flight Light-trail Trajectory Analysis: Top View of flight with 3 robots, colours
identify individual robots’s completed print job tasks. b, 2.5 m Diameter Dome Real
Flight Trajectory Analysis: Perspective View. c, 15 m Diameter Dome Simulation
Results with fifteen drones.
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A.3.7 Discussion and Conclusions
Through simulation, virtual print light-painting flights, and actual in-flight AM with
cementitious material, the Aerial-AM systems’ capabilities for autonomous robotic
construction were demonstrated as a scalable and flexible approach to AM that is
adaptable to variations in geometry type and scale. Based upon subsequent simulation
experiments using varying sizes of dome and cylinder geometries (Supplementary
Figure A-19 - Figure A-24) the impact of concurrency on building performance
with increasing numbers of robots was highlighted (Supplementary Figure A-26,
Figure A-27).
Intuitively, as the number of robots increased, time to task completion improved up to
the point in which it was limited by congestion rules linked to geometric constraints
between the size of the robot and a geometry’s varying print contour layer area, with
larger foot-print geometries embodying greater parallel printing potential and greater
reductions in time to completion (Supplementary Figure A-25).
Altogether, these simulation results indicate the potential of multi-agent construction
systems for supporting the construction of geometrically varied structures. The
coupling of a self-aligning Delta parallel manipulator and a quadrotor allows us to
realise autonomous operation of material deposition at high accuracy with nozzle
deviations<5 mm in both lateral and vertical directions. Using the BuilDrone platform,
we constructed both a virtual light-trail painting of a 3.2 m high section from the top
of a 12 m tall pylon structure and a 28-layered portion of the structure by sequential
coordination of a team of aerial robots consisting of two BuilDrones and one ScanDrone.
The actual aerial manufacturing of the 28-layered cementitious structure with
a trajectory length of 83.3 m proved that aerial robots carrying lightweight
deposition devices are capable of extruding a pseudoplastic, structurally viable
cementitious-polymeric composite material with densities ≈1600 kg/m3. The virtual
light-trail painting undertaken by the BuilDrone was completed at a speed five times
faster than the actual 3D printing. This indicates that the printing speed of an
individual aerial robot is scalable in accordance with the accuracy of the BuilDrone
at various flight velocities and according to material and deposition device properties
governing extrusion speeds.
Furthermore, we demonstrated through the virtual light-trail painting of a dome
geometry by three ScanDrones and validated simulation studies of the 12 m pylon
tower structure and other geometries that an Aerial-AM manufacturing framework can
effectively print various geometrical structures by parallel multi-robot manufacturing
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while mitigating for excess congestion and demonstrating adaptation and individual
robot redundancy.
The Aerial-AM system demonstrates capabilities for scalable multi-robot Aerial-AM,
and may serve to provide a foundation for realisation of autonomous construction using
collective multi-robot manufacturing systems.
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A.3.8 Extended Data Figures and Tables
Extended data, Table A.1: RMSE per layer for BuilDrone position and depositing
nozzle tip position.
RMSE [cm]
Layer No. BuilDrone Nozzle tipx y z x y z
1 0.243 0.398 0.155 0.406 0.301 0.080
2 0.260 0.456 0.278 0.324 0.275 0.069
3 0.314 0.487 0.187 0.418 0.345 0.085
4 0.275 0.456 0.175 0.282 0.361 0.075
5 0.327 0.392 0.162 0.422 0.353 0.083
6 0.292 0.536 0.193 0.308 0.343 0.067
7 0.213 0.421 0.147 0.348 0.287 0.075
8 0.247 0.432 0.174 0.212 0.274 0.068
9 0.248 0.345 0.137 0.389 0.268 0.068
10 0.313 0.506 0.174 0.190 0.226 0.085
Extended data, Table A.2: UAV powered deposition device printing velocities.
Printed length of material with cartridge practical volume 4020 mm
UAV velocity, length of material per second 10 mms−1
Length of printed trajectory per layer (including tails) 3000 mm
Time to continually print one layer 300 secs
Volume of material printed per second 0.5 mls−1
cartridge flow velocity 0.294 mms−1
cartridge volumetric flow rate Q 510 mm3s−1
Tube flow velocity 4.44 mms−1
Tube volumetric flow rate Q 223 mm3s−1
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Extended data, Figure A-7: Compensating deviations of the BuilDrone plat-
form using an on-board dexterous 3-DOF Delta parallel manipulator. a, The
setting of BuilDrone with upper platform of Delta manipulator mounted underneath the
quadrotor platform. b, 3D Model of the light-weight Delta parallel manipulator which
has three limbs with identical kinematic structure. The end-effector with geometric
center Oe implements pure translational motion with respect to the upper platform
with geometric center Oc. c, Schematic drawing of the compensation principle: the
nozzle tip F keeps at desired position though the Buildrone platform may drift to the
pose at O′b away from the reference pose at Ob. This method results in higher positional
accuracy of the nozzle tip for depositing the material at target position T.
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Extended data, Figure A-8: ROS based control architecture for Aerial-
AM robot platforms. a, High-level control architecture. b, Model predictive
control diagram for trajectory tracking for both BuilDrone and ScanDrone. c,
Control architecture of BuilDrone deviation compensation using the integrated Delta
manipulator.
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Extended data, Figure A-9: Geometry designs and printed layers of sample
printing path for thin-walled cylinders. a, The printing path with four concentric
circles (Separation: 8 mm, inner diameter (ID): 272 mm, outer diameter (OD): 320
mm). b, The printing path with rounded peano curve (ID: 260 mm, OD: 320 mm,
Period of pattern: 50 mm, Amplitude of pattern: 30 mm, Closest approach between
successive shapes: 8 mm. c, The hybrid printing path including concentric circles and
compact rounded peano curve in alternative layers (ID: 255 mm, OD: 335 mm, Straight
lines separation: 20 mm, Sinusoidal period: 18 mm, Sinusoidal amplitude: 52 mm).
d, The first layer of a printed sample using pure concentric circles. e, The first layer
and the half-unit offset second layer of a printed samples using rounded peano curve
printing path. f, The first two layers printed using the hybrid printing path.
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Extended data, Figure A-10: The pylon tower geometry. a, Conformal Map
algorithmic design process. b, Perspective section build-up of pylon tower geometry
illustrating geometric complexity of structure.
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Extended data, Figure A-11: Positions errors of the BuilDrone platform and
the printing nozzle tip during the printing in flight. a, BuilDrone position
error. b, Position error of the tip of depositing nozzle mounted on Delta manipulator’s
end-effector. c, BuilDrone absolute position error. d, Absolute position error of the
tip of depositing nozzle.
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A.3.9 Supplementary Information - Compensating for deviation of
BuilDrone platform using an integrated delta parallel manipu-
lator
The Delta parallel manipulator (Extended Data Figure A-7) consists of an upper
platform, an end-effector and three limbs of identical kinematic structure. Each limb
connects the upper platform to the end-effector by one revolute joint, C i (i = 1,2,3),
a 4S parallel linkage (simplified as DiEi) followed by another revolute joint (E i). A
rotary actuator drives each of the three revolute joints (C i) connected to the upper
platform.
We define geometrical parameters and actuation variables of the Delta parallel
manipulator as follows:
• lc: Length of the side of the equilateral triangle formed by the axes of revolute
joint connected to the upper platform.
• le: Length of the side of the equilateral triangle formed by the axes of revolute
joint connected to the lower platform, which is also termed as end-effector.
• lcd: Length of upper arm CiDi.
• lde: Length of lower arm DiEi.
• θi: The angular inputs measured from the upper platform plane to the upper
arm.
A coordinate frame {C} for the Delta manipulator is set to its origin Oc, the geometric
center of the upper platform. The x-axis is parallel to the axis of joint C 1 while the
z-axis is perpendicular to the upper platform plane and pointing upwards, with the
y-axis finishing a right-handed coordinate system.
A.3.9.1 Forward kinematics
Determined by the geometric constraints, the end-effector of the Delta parallel
manipulator only implements transnational motion. The forward kinematics of the
Delta manipulator is solved using a geometrical method (Zsombor-Murray, 2004).
Taking the geometric center Oe = [x0,y0,z0]T of the end-effector as the intersection
point of three virtual spheres with radius lde, the length of the lower limb, the
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coordinates of Oe can be found from solving three intersecting quadratic sphere
equations given by
(xt − xi)2 + (yt − yi)2 + (zt − zi)2 = lde2 (A.1)
where (xi, yi, zi) is the center of the ith sphere.
Geometrically, a system of three intersecting spheres can yield two solutions. From the
fact that the Delta manipulator (Extended Data Figure A-7) always has its end-effector
positioned below its upper platform, solutions that give the end-effector position above
its upper platform are eliminated.
A.3.9.2 Inverse kinematics
The inverse kinematics of the Delta manipulator is to derive the angular inputs θi from
position of the end-effector of a given configuration. Having the desired end-effector
position vector
Oe = [x0, y0, z0]T (A.2)
then position vector of E1 is straightforward and defined by






Taking the geometric properties of the Delta manipulator, angular input θ1 required





where [xc1, yc1, zc1] and [xd1, yd1, zd1] are position vectors of C1 andD1 in the coordinate
frame {C} with yd1 and zd1 derived by solving
zd1













2 + (zd1 − z0)2 (A.6)
The other two angular inputs θ2 and θ3 are calculated independently with the same
method above.
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A.3.9.3 Compensation for BuilDrone platform deviations
In order to deposit material onto any target T of printing path, center F of the nozzle
tip needs to be positioned vertically above T. To achieve accurate printing, the ideal
scenario is to precisely hover the aerial robot vertically above the target point. However,
an aerial robot deployed in real world environments is subjected to both position and
orientation deviations from reference poses. To minimize the offsets, thus achieve high
accuracy deposition, we use agility of the integrated Delta manipulator to compensate
for the deviations.
A schematic drawing of the kinematics based compensation principle using the Delta
manipulator is illustrated in Extended Data Figure A-7c. The coordinate frame {O} is
a world fixed frame. The frame {B} is the body frame aligned with the vehicle’s inertial
measurement unit (IMU) frame, the x-axis indicates the forward direction of the robot,
with the y-axis and z-axis as left and up, respectively. Within the integrated BuilDrone,
axes of frame {C} of the Delta manipulator are pointing in the same direction of axes
of frame {B}, with z-axis aligned. The distance between origins Ob and Oc is lbc. The
printing nozzle is attached to end-effector and the distance between E and F is lef .
In the frame {B′} (Extended Data Figure A-7b), the position vector of center Oc′′ is
expressed as
p′′bc = [0, 0,−b] (A.7)
The unit-vector quaternion representing rotation from world frame {O} to the body
frame {B} is given by
q̊b = [1, 0, 0, 0]T (A.8)
When the BuilDrone platform drifts to O′b with both orientation and position
deviations, the vector p′bc of O′c is calculated as
P ′bc = q̊b′ P ′′bc q̊∗b′ (A.9)
where q̊b′ is the quaternion representing rotation from frame {B′} to {B} and q̊∗b′ is a
conjugate of quaternion q̊b′ .
The end-effector of the Delta manipulator implements only transnational motion with
respect to the upper platform, this results in
P ′ef = q̊b′ Pef q̊∗b′ (A.10)
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and
P ′ce = P ′cb + P ′bb + Pbf + P ′fe (A.11)
in which P ′bb is the vector from O′b to Ob and Pbf is the position vector of the center of
the nozzle tip, expressed in the coordinate frame {B}.
In order to control the motion of the end-effector with respect to the upper platform
of the Delta manipulator, the position vector P ′ce is expressed in the local frame at O′c
and calculated as
P ′′ce = q̊∗b′ P ′ce q̊b′ (A.12)
Using the kinematics solver and the position vector P ′ce derived above, the required
input angles of the servos for the Delta manipulator are computed. The computed
angular input angles drives the end-effector to compensate for BuilDrone’s deviation
by moving the tip of printing nozzle to positions vertically above the reference printing
path. The pseudo-code of Delta manipulator kinematics based compensation algorithm
is elaborated in Supplementary Figure A-12.
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Supplementary Information, Figure A-12: Pseudo-code for the Delta manipulator
kinematics based compensation algorithm.
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A.3.10 Supplementary Information - Material deposition system
A.3.10.1 Material extrusion mechanism
The extrusion mechanism is designed as a modular component of the BuilDrone for the
purpose of quickly loading material cartridge and efficiently depositing the material.
It consists of a gearbox, a lead screw set, and a cartridge cylindrical frame holding a
cartridge for storing the building material. A Dynamixel XL430 servo is selected for
driving the worm wheel in the gearbox, which then transmits rotary motion to the
transnational motion of the lead screw. A plunger is fixed at the front end of the
lead-screw for pushing the material out of the syringe.
The cartridge and tube dimensions are detailed in Supplementary Table A.3 and the
mass of the extrusion mechanism components are reported in Supplementary Table A.4.
The cartridges have a theoretical maximum volume of 310 ml, but practically were
considered to have a volume of 202 ml to allow for the insertion of a 3D-printed tapered
component at the base of the cartridge and the plunger.
Supplementary information, Table A.3: Dimensions of deposition device components.
cartridge internal diameter 47 mm
cartridge area 1735 mm2
cartridge full height 213 mm
cartridge theoretical volume 310 ml
cartridge practical volume 202 ml
Circular nozzle diameter 8 mm
Tube length 560 mm
Tube area 50.3 mm2
Tube volume 28168 mm3
Supplementary information, Table A.4: Mass of deposition device components.
Empty cartridge 44.4 g
3D printed tapered component 19.5 g
Empty 560mm tube 29.6 g
Metal connecting components 46.2 g
Cable ties 0.3 g
Total 143 g
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A.3.10.2 Material flow control modules
To control material feeding to the depositing nozzle, ball valves, piston valves and pinch
valves were tested. The former two types failed to be functional due to largely increased
friction caused blocking and body wearing when in contact with the cement material.
In contrast, a pinch valve has no contact with materials and allows proportional flow
rate and 100% tight shut off. Given these advantages, a customised pinch valve was
employed for efficiently controlling the material feeding flow in the printing process.
In principle, the screw clamp of pinch valve directly contacts the tubing. The screw
clamp forces the tubing together and creates a seal when the valve is closing. Reversely,
the elastic tube is forced back to the full bore by the highly pressured material. In
this work, the pinch valve is actuated by a servo motor and the spur gear chain
(Supplementary Figure A-13c), allowing fine tuning of the shut off speed in various
scenarios. The pinch valve is assembled immediately after the orifice of the cartridge.
Supplementary Information, Figure A-13: Modularised material extrusion and
flow control system for the BuilDrone. a, Material extrusion mechanism
customised in terms of forward extrusion. The extrusion mechanism is actuated by
a smart servo motor and a worm drive mechanism is adopted for power transmission
and converting the rotary motion to linear motion, which pushes material out of the
cartridge. The cartridge can be replaced or reused. b, The material flow control
system uses a pinch valve actuated by a smart servo and a motion speed tuning spur
gear chain. c, A material flow cutter is attached to the end-effector of the Delta parallel
manipulator. The blade cuts and blocks material flow to effectively control material
deposition.
Further to the pinch valve, a material cutter (Supplementary Figure A-13b) is attached
to the end-effector of the Delta manipulator thus used to cut off the material flow left
in the transmission tube. This will also block the fluid cements material in the tube
and avoid material being lost. The cutter is actuated by a servo motor connected
to the nozzle and rotating the cutting blade once the printing task is completed. A
extrusion controller (Supplementary Figure A-13b) is implemented to extrude materials
and estimate the flow rate based on the angular velocity of the servo.
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A.3.11 Supplementary Information - Aerial-AM BuilDrone and Scan-
Drone MPC controller
Each BuilDrone and ScanDrone was equipped with a Pixhawk flight controller, which
is commonly used in research. The firmware enables easy interaction, through Mavlink
messages, between the flight controller and the on-board computer.
With the customised flight control system, we closely follow the formulation in
(equation A.4) to control the state
x = [rT , vT , θ, φ, θ̇, φ̇]T ∈ R10 (A.13)
where θ, φ and ϕ stand for roll, pitch, and yaw angles, and r and v denote the position
and velocity of the BuilDrone represented in a controller coordinated frame of reference
(IMU frame in Figure A-1) that is aligned with the BuilDrone yaw angle. The control
signal
u = [θ, φ, T, ϕ] ∈ R4 (A.14)
with total thrust T, is found from the minimisation of the following finite-horizon cost
functional
s.t. : xk+1 = Axk + Buk,
yk = Cxk,
x0 = x̂0,
ūmin ≤ ū ≤ ūmax
(A.15)
where xk ∈ R10 denotes the system state at time step k, x̂0,∈ R10 the estimated state
at the current time step 0, and yk ∈ R10 the system output at time step k, which
we choose to coincide with the full state vector. N ∈ 2N denotes the length of the
prediction horizon and A ∈ R10x10,B ∈ R10x4,C ∈ R10x10 are the discrete state, input
and output transition matrices as defined of the BuilDrone dynamics that we have
identified.
We formulate the cost function J as a quadratic penalty of states and inputs from their




(‖ Q(yk+1 − syk+1) ‖
2
2 + ‖ R(u− k − suk) ‖22) (A.16)
where the penalty matrices R ∈ R10x10 and Q ∈ R4x4 are tuning parameters.
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The matrices A, B, and C were found in a frequency-domain identification in manual
flight using Vicon pose data. In contrast to equation A.4, we have extended the
framework to not only allow for set-point control, but full trajectory mode, where
the references vary during the minimisation horizon.
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A.3.12 Supplementary Information - Materials strategy
While buildability remains important and material must be structurally viable, it can
be reasoned that the primary parameter for Aerial-AM is workability. It became
apparent during initial phases of laboratory experimentation that traditional levels
of fine aggregate and strength-improving additives are not appropriate for Aerial-AM
due to the detrimental impact upon workability.
Rheological Modifying Admixtures (RMA) were used to influence workability,
buildability and the prevention of particle segregation and bleeding. Material suitable
for Aerial-AM should possess a high level of pseudoplasticity with minimal thixotropy,
leading to low viscosities while under stress within the deposition system, yet swiftly
returning to orders-of-magnitude higher viscosities once deposited and at rest. Two key
considerations informed the decision in this study to focus upon the fresh rheological
properties of the material:
• The effectiveness of accelerating admixtures can be reduced, or negated, by
hydration retarding RMAs with long polymer chains.
• The decision to have a quicker and more streamlined deposition process
minimising energy and power requirements.
The open time of a fresh mix is considered to be two hours.
A.3.12.1 Operational logistics
The layer printing path included a ‘tail’ to ensure deposition had begun prior to the
commencement of printing path. Material left in the cartridge once a layer had been
completed could be carried over to the next flight (with the exception of material within
the tubing), assuming that the subsequent flight occurred within material open time.
Supplementary Table A.5 summarises BuilDrone controlled flight printing logistical
parameters for the 28-layer cylinder structure printed with an 8 mm diameter circular
bead of material.
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Supplementary information, Table A.5: UAV controlled flight printing logistics.
Printed line length of material per ml 19.9 mmml−1
Volume of material required to print 1 layer of the 28-layer
structure
151 ml
Material guide density 1.5 gml−1
Mass of material required to print a layer 226 g
Volume of material within the 3D printed tapered component
internal space
61.7 ml
Volume of the tube 28.2 ml
Volume of the metal connecting components and cartridge nozzle 2.97 ml
Volume of material lost every cartridge load 92.8 ml
Mass of material lost every cartridge load 139 g
Volume of material required per layer (accounting for lost
material)
244 ml
Mass of material required per layer (accounting for lost material) 365 g
Total mass of cartridge fully loaded with material required for 1
layer
508 g
Total mass of cartridge fully loaded with material provided for 1
layer
630 g
Mass of material provided for 1 layer 487 g
Total mass of cartridge with remaining material post extrusion 414 g
Mass of material used per printed layer 216 g
Volume of material used per printed layer 144 ml
Mass of spare capacity material recoverable for the subsequent
layer
132 g




A.3.13 Supplementary Information - Structural finite element analy-
sis of printing trajectories
Since the physical properties (principally Young’s modulus and breaking strength)
of the engineered cementitious material are known, structural finite element analysis
(FEA) was utilised to simulate the deformation of the deposited material before it sets.
This allows pre-rationalisation of the choice of printing path to make sure it is printable,
and to post-rationalise the structure that has been printed and evaluate whether any
errors in deposition require corrective measures in subsequent layers.
To implement the FEA analysis, the coordinates of two layers of the as-printed path of
the nozzle tip were imported into a parametric modelling software framework (Rhino
Grasshopper). The software provided an automated but customisable framework in
which the nozzle tip path geometry was imported and a complete FEA model exported
with little to no interaction required by the user. In this modelling environment, an
automated process was developed to remove high-frequency noise from the path and
produce an accurate representation of the relatively smooth printing path. These paths
were then segmented every 2 mm along their length, and exported to a FEA software
(Autodesk Robot) as the centrelines of 8 mm diameter solid cylinders to represent the
deposited material.
The projected intersections of the two layers were also identified, and extra finite
elements were exported at these points to connect the two layers together. This ensured
the upper layer was supported by, and could transfer load on to, the layer below.
External supports were also added at the intersection points to represent support
provided from unmodelled layers below. With these settings, forces and moments
of the two-layer structure under gravity load were calculated by implementing a linear
structural analysis and the results, as a graphical color plot, were visualised in the
parametric modelling software.
The colour plots in Supplementary Figure A-14a-c show the FEA results of the first
two layers of the thin-wall structures printed using different printing path designs. The
colour-scale in Supplementary Figure A-14 shows the vertical bending moments, with
red indicating sagging moments and green indicating hogging. It is clear that, as would
be expected, sagging is occurring where the material has to bridge between supports
provided by the layer below, and hogging is present where the material arches over
support from the layer below.
It is worth mentioning here that implemented printing paths using concentric circles
could make long runs of bridging between meaningful contact points, meaning the layer
above became out of line with the one below and had to bridge a long way before layers
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Supplementary Information, Figure A-14: Colour plots of FEA results of three
printing path designs for a thin-wall structure. a, Two consecutive layers using
concentric circles in both layers. b, Two consecutive layers using a rounded peano
curve with half-unit offset between alternative layers. c, Two layers using the hybrid
printing path design: three circles in the first layer and rounded peano curve in the
second layer. d-f, The top view of the printed samples. g-i, Front view of the printed
samples, with five layers printed.
come into contact again. This led to sagging and hogging with higher bending moments
(Supplementary Figure A-14a) in the present FEA analysis.
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A.3.14 Supplementary Information - Aerial-AM multi-robot frame-
work
To explore scalable and adaptive methods of construction, we developed a multi-agent
Aerial-AM framework that supports concurrent task objectives suitable for 3D printing
across a set of distributed autonomous mobile robots. We used this framework to
coordinate the movements of a set of aerial robots for constructing a pre-defined dome
building geometry using local rules for path planning, task determination and collision
avoidance. Utilising the Aerial-AM MPC controller, we deployed 3 aerial robots
(modified ScanDrones) to show the Aerial-AM system’s ability to perform real-time
tasks to complete a set of printing objectives. By collecting data on the operational
behaviour of the system, this information was then used to develop an accompanying
simulation system to support further experiments exploring the affects on performance
of increasing numbers of robots and different building geometry shapes.
A.3.14.1 Systems implementation and workflow
The Aerial-AM framework allows for a large scale mesh or non-uniform rational
basis spline (NURBS) geometry to be imported by a user into a 3D modelling
software environment (Rhino3D) where a custom-developed Python/Grasshopper
plug-in translates the geometry into a series of horizontal contour curves according to a
user-specified material deposition layer height. Shown in Supplementary Figure A-15,
each contour was then divided into an equal number of curves with a maximum length
defined by the material payload capacity of a single robot derived through robot
characterisation experimentation. Representing a discrete deposition path, these split
contours were translated into a sequence of Cartesian 3D way point positions and
arranged as a list of (x,y,z) coordinates. Defined as a print job, each sequence was then
stored as a discrete deposition trajectory nested within a globally accessible list and
ordered in ascending z-axis values.
When made available to the network, all print jobs were given three possible states
visible to the available robots:
• Available (print jobs visible to all robots to select)
• Outstanding (remaining print jobs to be completed but not visible to robots)
• Active (selected print jobs currently in progress)
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Supplementary Information, Figure A-15: Aerial-AM workflow from building ge-
ometry to robot planning allocation. a, Segmentation of building geometry into
individual layers. b, Division of each layer into a set of print jobs. c, Representation
of print jobs as a list visible for multiple robots to request.
By capturing the position, energy state, material payload and current activity of each
robot, the Aerial-AM framework was able to dynamically allocate print jobs based
upon robot proximity, ability and availability to complete a visible print job.
Once a robot had obtained a print job task-assignment, a local path planning solution
was developed to resolve the individual robot’s navigation to the starting location of
its print job. A flight path to arrive at the print job start position was submitted to
the on-board MPC which then executes flight to the print job location whilst avoiding
potential collisions. Upon arrival, a second trajectory containing the waypoint positions
of the print job task is passed to the on-board MPC for execution with operational
settings used to coordinate the real-world 3D printing of the structure. Following
completion of the print job each robot plans a route to return to home for material
re-filling, and further printing flights.
As each print job is completed, this information was shared across the network of robots,
whereby the Aerial-AM framework maintained a global map of completed activities,
current robot positions and building progress. This information was also used to define
a custom-developed occupancy map, named AAMMap, such that each robot was able
to compute local path planning decisions using a custom coded variation of an A*
algorithm (equation A.5) to facilitate avoidance of collisions between other robots and
the built structure on-the-fly.
Shown in Figure A-6, this provided features for redundancy, whereby if a robot was
unable to complete a print job (due to the build up of congestion, lack of available
material, or was not able to plan a collision free path within a set time-frame) this task
would be returned to the network and made available for another robot to request. Once
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a previously allocated print job was returned, the robot that was unable to complete
its task would move and land at the nearest available base station, freeing up space for
the other available robots to continue working.
To deploy these features, a set of ROS packages were developed in Linux. In doing so,
this provided capabilities for high-level planning and coordination for either individual
or multiple aerial robots to undertake tasks using autonomous task determination and
motion planning. Each robot shared their state, task and pose across a local WiFi
network by publishing ROS Topics whilst having access to globally shared knowledge
of deposition paths, the locations and activities of other robots, and already deposited
material (each stored in a bin lattice). Based on this knowledge, and using methods
for task allocation and motion planning, the robots individually determined their next
task autonomously and defined their spatial route to the target location which included
checking for collisions and obstacle avoidance.
The below list summarises the framework logistics and robot functions:
• Autonomous robot agent representation: each robot was represented by a
center-point as 3D (x,y,z) position, a depositing nozzle 3D point position, a
collision radius that defined a sphere of space to be occupied solely by the
robot, and a velocity vector heading. Operating in live flight demonstrations,
this information was updated at 120 Hz by subscribing to ROS Topics of
either Optitrack or Vicon IR motion-capture marker positions. This tracking
information was transmitted using VRPN over an Ethernet cable and received by
an open source ROS package VRPN Client ROS that provided pose measurements
for each robot which were passed through an extended Kalman filter (ROS
package Robot localisation) which published odometry messages at 20 Hz over
WiFi.
• Autonomous robot agent behaviour : Each robot agent determines its next task as a
response to events including the completion of a previous task or the requirement
to avoid another robot. A change of task required the agent to “seek” a new
location (eg. start position of a print job, nearby base, or home). In seeking a
new task the robot agent was able to calculate a new path plan and regularly
update its flight plan by sending an instruction to the robot Model Predicted
Control (MPC) at a frequency of 20 Hz when travelling to or from a deposition
task. When undertaking a printing task, an entire print job deposition trajectory
was submitted to the MPC in order to execute the high-precision flight path using
different high-precision settings. Each agent was able to over-ride the MPC at any
moment where a change in task or state is determined. The framework monitors
states and tasks for each robot as described in Supplementary Table A.6.
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• Construction environment set-up: robots are distributed evenly at a fixed radius
surrounding the manufacturing task, equidistant to one-another. The robot’s
starting locations serve as ‘base’ locations. Base locations do not belong to any
one robot, robots seek the closest base for new material and battery supplies
when their supply levels are below a specified threshold (see Supplementary
Figure A-15).
• Print job task selection: each aerial robot selfishly selects the closest available
manufacturing trajectory to its current location by evaluating the distance from
its position to the start point of the trajectory. We included constraints such
that tasks cannot be selected that lie above an incomplete task. Upon selecting
a task, the robot removes the task from the available trajectories preventing
other robots from selecting the same task. Should the robot abort the task
before it is complete, the incomplete remainder will be added back to the global
list of available tasks for another robot to finish. Robots nearing the end of
a manufacturing trajectory that still maintain sufficient energy and material to
undertake further printing, are able to select a nearby manufacturing task in
order to continue with it after completing the first task.
• Robot retiring rules: To manage the potential for congestion (defined by a
threshold in the number of adjacent robots), an aerial robot would abort its task
if its working volume overlapped with potential obstacles. If task abortion due to
congestion occurred repeatedly in a short pre-defined time-span, the robot would
assume it was no longer needed and would retire, and thus reduce the number of
robots available to complete current printing tasks; and consequently update the
congestion model used for the construction process which constrains how multiple
robots are allocated tasks based on the spatial availability to perform the job.
By tuning this model, it is expected this will affect the concurrency dynamics of
the system (the number of active robots working on a task at any point in time
and based on the building geometry that needs to be executed).
• Path planning: The system used a map server called AAMMap which was
responsible for keeping track of obstructions such as matter and planning
trajectories for an aerial robot to traverse the work space. AAMMap used
an A* path planning method (equation A.5) over a 3-dimensional bin lattice
spatial structure to generate trajectories. Using this map, aerial robots could
autonomously navigate to and from their manufacturing tasks, to their home or
a material refilling base station. For every new position achieved, an influence
envelope was defined based upon the working volume of the robot and potential
collisions with the environment. While each aerial robot may manoeuvre freely
in three-dimensions, they were unable to pass directly over each other as the
down-wash from the rotors of higher robots can severely reduce the lift capabilities
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of a robot below, causing instability. As such path planning and dynamic collision
avoidance methods were constrained to avoid overhead passing of aerial robots.
• Avoidance: To enable aerial robots to avoid obstacles, this was checked on the
avoid, printing, seek base, and seek print operations. To do this, a robot would
first check the AAMMap to see if anything else was inside its influence envelope.
If another aerial robot was found to be within this area, a priority system was
implemented to determine who was responsible for taking subsequent avoiding
actions. For example, if robot A had a higher priority action than robot B, B
will avoid A. For the condition if A and B had the same action priority, both will
avoid each other. Once an aerial robot had determined an avoidance condition,
it would pause its current action and path 0.6 m in the opposite direction of
its current target. After the avoiding robot had completed its new trajectory, it
would attempt to resume its previous action. In the instance that an aerial robot
performed an avoid action more than once, it will abort attempting to complete
its current printing job. For the condition when a robot was seeking a print job
but could not reach its goal, it will return the print job and retire to the closest
base station to wait for a new assignment. If an aerial robot was attempting to
reach a base and has to avoid another robot who is also seeking a base, the robots
will swap base assignments to minimise potential collisions, otherwise the robot
will attempt to find a new base which was not occupied. When an aerial robot
is printing, it is provided with “right of way”, with all other robots attempting
to avoid it. As such, a printing robot would only avoid another printing aerial
robot. When there are multiple avoidance conditions, for example if robot A is
already avoiding robot B, and it is then pushed into the influence area of robot
C; it will stop attempting to avoid robot B and attempt to avoid C instead. This
ensures that no matter the combination and positions of avoiding robots, they
all will prioritise avoiding collisions.
• Avoidance of printed material: While executing a print job a robot would add its
printing positions to the occupancy bin lattice map in the AAMMap. As path
planning is calculated using only unoccupied regions of the AAMMap, robots
were prevented from colliding with already printed material.
• Print job execution: Upon obtaining a Print job task from the network, an aerial
robot would initiate a command to fly to the working area using the AAMMap
to generate a trajectory from the robot’s current location to the print job. If the
robot was unable to reach the print job due to congestion, it would return the
print job to the network and find the closest available base to land. Once an aerial
robot had reached the starting point of its assigned print job, it would follow its
defined path and continuously deposit a virtual print ‘matter’ that is added to the
AAMMap to track spatial occupancy (even during physical printing tests), while
sequentially seeking each waypoint in its printing path. When a robot runs low
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on material or battery charge while printing, it returns the partially completed
print job to the network to make it available for other robots to complete, and
then returns to a nearby base.
Supplementary information, Table A.6: High-level interface for task/trajectory
planning.
Command/Task Description
Fly-To waypoint Fly to desired position/yaw and hold
Follow Trajectory Fly to first point, then follow timestamped
position/yaw/velocity
Take-off Automatic take-off to pre-defined height and
hold position
Land Automatic landing to pre-defined ground level
Return Home Fly to a pre-defined home waypoint (Fly-To
waypoint)
Pause Hold current position and do not continue the
task queue
Resume Continue the current task in the queue
Flush queue Task queue is flushed, hold current position
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A.3.15 Supplementary Information - Material laboratory tests
A series of laboratory tests were performed to ascertain key properties of the four
cementitious mixes. Mixes 1 -4 were created in the laboratory using the following
method:
1. The dry constituents - cementitious binder of CEM1 and PFA, fine aggregate
and rheological modifying admixtures - were added to the bowl of an automated
mixer and hand-mixed by spatula.
2. The water and plasticiser were then hand-mixed together and poured evenly over
the dry constituents.
3. The powered mixer beater was activated for three periods consisting of 30 seconds
of planetary motion at high speed, with 30 seconds of gathering and hand-mixing
using a spatula between powered mixing.
4. The foaming agent was added to water and a cordless automated frothing device
worked the foam for twenty seconds to the desired stiff-peak consistency.
5. Foam was added to the mixing bowl and two periods of mixing for 10 seconds on
a slow setting alternated with gathering and mixing the material by hand-held
spatula to work the foam into the cementitious mix ready for loading into the
310 ml capacity cartridge.
Mix 3 did not contain foaming agent and followed steps 1-3.
It can be reasoned from laboratory results and the UAV flights that fine aggregate is
not essential. The rigid molecules of xanthan gum, which are typically in groups of
double helixes, stretch, entwine and aggregate at low shear rates (Cano-Barrita and
Leon-Martinez, 2016) to the extent of being able to provide sufficient buildability in mix
3 without the requirement for fine aggregate. The molecular aggregation breaks down
when subjected to high shear rates, resulting in molecules aligning with flow direction
and a reduction in viscosity (Cano-Barrita and Leon-Martinez, 2016). However, the
behaviour of mix 3, once deposited, demonstrated the extent to which the particles
are clearly able to lock together again rapidly once the material was at rest. Viscosity
at rest is five orders of magnitude higher than viscosity while in the tubing. This
behaviour is highly appropriate for Aerial-AM.
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A.3.15.1 Trajectories, lengths and 7 day compressive strength tests
Hand-printed arc specimens of the three trajectory designs - peano curve, solid wall
(concentric circles in full circular form) and hybrid (Figure A-16a) - were tested for
7-day compressive strength. Dental plaster was applied to the hand-printed specimens
to create flat upper and lower surfaces for strength testing (Figure A-16b,c). Mix 3, used
for the 28-layer object, was used for the tests. The devices used to test the specimens
were the Instron 2630-120/305632 (Figure A-16d) and Automax 5 50-C46W2.
Figure A-16e shows the peano curve design requiring the least material: 5.85m printed
length per two layers of the circular 28-layer structure, compared with 6.79m for the
ruffle design and 7.61m for the solid wall design. The peano curve design is structurally
efficient, relative to the amount of material used, when compared to the wall design -
results indicated a mean 16.5 MPa for the peano curve design, greater than 14.4 MPa
recorded for the wall design.
Though the hybrid design showed the greatest strength (Figure A-16e), for every two
layers of the 28 layer object, the hybrid design would use 1 m more material, equating
to using an extra 14 m of 8 mm diameter beaded material for the whole object. On
a construction scale project, this would lead to immense time and material related
costs and a loss of logistical efficiency during multiple layer printing. Equally, the
hybrid design was borne as a result of the requirement to initially allow for a lateral
imprecision of 10 mm in the trajectory of the flying UAV during an earlier design
phase. The subsequent peano curve pattern was designed to showcase enhanced UAV
lateral precision capabilities and serves to demonstrate the potential for high-precision
construction work and bespoke, innovative designs in Aerial-AM.
A.3.15.2 Compressive and flexural strength method
To investigate the impact upon mechanical strength of the additives, 28-day strength
tests were carried out to evaluate whether the mixes remained structurally viable.
The mixes were cast into 160 mm x 40 mm x 40 mm prisms. An Eberth 800 Watt
mechanical Concrete Vibrator with a 1.5 m Hose length and 35 mm steel-reinforced
poker was used for a period of 10 seconds to compact the mixes in the prism moulds.
Compacted prisms ranged in density between 1600 kg/m3- 1700 kg/m3 for the four
mixes and were tested in accordance with BS EN 12390-5:2009 (BSI, 2009), using
four-point bending tests to ensure failure by flexure rather than by shear, on a 50 kN















































Strength - 7 day compressive
Length of 4 full circular layers
Strength per linear cm - 2 layers
Supplementary Information, Figure A-16: The three trajectories, lengths and strength
tests. a: Autonomously UAV printed circular specimens showing the three trajectory
designs under consideration for the 28-layer object - peano curve, solid wall and hybrid.
b: Hand printed trajectories featuring mix 3, peano curve (top), wall (centre) and
hybrid (bottom). c: Specimens coated in dental plaster ready for compression tests.
d: Specimen shown during 7-day compressive strength tests. e: Results showing the
7-day strength of the specimens, the length of extruded material bead that would be
required to print four layers of the 28-layer object and the strength of the design per
printed length of material bead, with the value for two layers shown (the two layer
value is shown rather than one layer as alternating layer values for the hybrid design
differ).
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compressive strength using an Automax 5 50-C46W2 device in accordance with BS EN
1015-11:1999 (BSI, 1999). Results for mixes 1 - 4 are presented in Figure A-2.
An issue encountered during UAV printing was the presence of occasional air voids
in the material while in the deposition system, leading to gaps in the printed material
accompanied by excessive deposits of material deviating from lateral trajectories during
layer deposition. The importance of compaction and density cannot be overstated.
Mechanical vibration proved effective in compacting the material for strength test
prisms and using a vibration rod in future drone flight trials would help remove voids
and ensure maximum material density in the loaded cartridge pre-flight.
A.3.15.3 Axial force and power requirements
To obtain the axial force required for the deposition device plunger to push
fresh material through the 310 ml cartridge and 560 mm length of tubing,
displacement-controlled force was applied at a constant rate of 5 mm/minute upon
the plunger using the 50 kN Instron Universal 2630-120/305632 device. These tests
quantified the range of force suitable for the current Aerial-AM deposition device,
presenting both the maximum force that the deposition device is capable of delivering
with the most buildable of the mixes (mix 1 ), and the minimum force required by
a deposition device to deliver a workable mix with sufficient buildability (mix 4 )
(Figure A-2). The greater the force, the greater the axial compressive stresses the
material is being subjected to while in the cartridge. The compressive stress experienced




Where F is the axial force and A is the cross sectional area of the cartridge.
Freshly mixed material was loaded into a 310 ml cartridge and processed using the
deposition device connected to a bench power supply. The location of the tube-end
in three-dimensional space was controlled by hand. The voltage of the power supply
was maintained at a constant 12 V while current requirements were monitored. It was
expected that mixes with greater buildability would require higher power to process.
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A.3.15.4 Rheology
Rheological tests were performed to quantify the pseudoplastic and viscoelastic
properties of the fresh mixes. The tests were conducted on a TA Instruments DHR2
rheometer at 25°C. Disposable aluminium flat plates with a 40 mm base plate and 25
mm diameter upper plate were used for oscillatory tests and a steel cross-hatched 40
mm base plate and upper plate were used to minimise slippage during flow tests. All
tests were performed with a geometry gap of 1000 µm.
Firstly, displacement-controlled oscillatory tests were performed to ascertain the
visco-elastic properties as quantified by the phase angle δ (between 0° - 90°, with
0° being an ideal solid and 90° being an ideal liquid) and complex modulus G* with
the following components:
• Storage modulus G’, measuring the recoverable elastic deformation as a result of
stored energy, or ’solid-like’ behaviour
• Loss modulus G”, non-recoverable deformation due to viscous flow, or ’liquid-like’
behaviour, as the micro-structure breaks down.





Tests used an angular velocity of 5.0x10−5 radians per second to ensure the material
remained within the linear viscoelastic region. The frequency was 1 Hz with an angular
frequency of 6.28 radians per second. The tests were conducted over a period of two
hours, representing the open time of the fresh mixes.
Secondly, displacement-controlled logarithmic flow sweep tests were conducted at shear
rates between 10−3 s−1 and 103 s−1 to quantify the extent to which viscosity decreases
as shear rate increases. The greater the decrease of viscosity in relation to increased
stress (pseudoplasticity), the greater the relevance and suitability of the mix for AAM.
For a Newtonian fluid, the shear rates experienced by the fresh material adjacent to
the wall of the deposition device cylindrical cartridge and tubing may be calculated






Where µ is the mean velocity of the flowing material and D is the diameter of the
cylinder. γ̇wN is the WSR for a Newtonian fluid and it is multiplied by a correction
factor as shown in the adaptation of the Mooney-Rabinowitsch equation (Chhabra and
Richardson, 1999; Nguyen and Nguyen, 2012) below, in order to ascertain γ̇w, the WSR
















Where L is the length of the cartridge or tubing and ∆P is the pressure drop, or the
difference in pressure, between the inlet and outlet of the cartridge or tubing, which




Where Q is the volumetric flow rate occurring in the cartridge or tubing - the equation




The cartridge is held horizontally by the deposition device while attached to the UAV
and the length of tubing is horizontal for much of its length. Laminar flow and a
smooth wall for the cartridge and tubing are assumed. The shear rates experienced by
the flowing material through the deposition system components can be used to quantify
the viscosity of the material as it changes due to the dimensions of the cartridge and
tubing.
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A.3.15.5 Settlement and deflection of mix 3
Following extrusion, the material would be subjected to load from subsequent layers.
To quantify the extent that a freshly extruded bead of material might compress, or
settle, under the weight of subsequently added layers, 8 mm diameter beads of fresh
material, using mix No.3, were extruded on to a steel plate to a length of 80 mm.
Tests continued at incremental time intervals within the open time period of two hours
(during which the mixes remain workable for Aerial-AM). Beads were compressed at a
rate of 2 mm/min by an upper steel plate fixed to an Instron Universal 2630-120/305632
device parallel to the axis of the extruded bead. The force applied by a single subsequent
layer was taken as 0.06 N.
A model to predict sagging deflections can be created to show how a bead of extruded
material would be expected to sag when spanning supports consisting of material from





Where l = length of the bead between supports, w is the UDL loading, taken as
0.00060 N/mm to represent the self-weight of the extruded beam, E is elastic modulus




Where σ = stress and ε = strain. The second moment of area I is taken to be that of
a cylinder:
I = π4 r
4 (A.27)
Where radius r = 4 mm, therefore I is taken to be 201.1 mm4.
The forces indicated horizontally (Supplementary Figure A-17a) correspond to the load
provided by the deposition of 1, 5, 10 and 20 subsequent layers. As an example, it would
be expected that a bead of material extruded from the deposition device in flight 10
minutes after mixing completion would settle by 0.5 mm when subjected to loading
equivalent to 5 subsequent layers, rising to 1.1 mm when subjected to 10 layers.
Predictions are shown in Supplementary Figure A-17b for beads of material deposited
after 10, 60 and 110 minutes spanning supporting material 10 mm, 20 mm and 30 mm
apart. As an example, a bead of material deposited 10 minutes following the completion
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of mixing would be expected to vertically deflect (sag) 0.17 mm when spanning 10 mm,
rising to 2.4 mm when spanning 20 mm and in excess of 10 mm when spanning 30 mm.
a b
Supplementary Information, Figure A-17: Settlement and deflection of mix 3,
used for 3D-printing the 28-layer structure. a, Settlement of an 8 mm diameter
freshly extruded bead of mix 3 shown at incremental ages following mixing of 10, 60
and 110 minutes. b, Prediction of the mid-point deflection, or sagging, of a freshly
extruded bead of material spanning material previously deposited.
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A.3.16 Supplementary Information - 2.5 m Diameter dome validation
experiment using 3 aerial robots
Shown in Supplementary Figure A-18, Aerial-AM was tested using a tracking system
that consisted of 20 Optitrack Prime 17W cameras (Optitrack, 2019), connected to a
Windows base station PC via two Netgear ProSafe GS728TPP Ethernet Switches. The
Windows base station ran Motive, Optitrack’s tracking software, this computer had an
Intel Xeon CPU E5-2697 v3 2.6 GHz processor, 32 GBRAM, and an NVIDIA TITAN
X (Pascal) 12 GB GPU.
The tracking PC was connected to another PC running Ubuntu 16.04 and ROS Kinetic,
this computer had an Intel Xeon CPU E5-2697 v3 2.6 GHz, 32GM RAM, and an
NVIDIA NVS 310 1 GB GPU. Tracking information was transmitted using VRPN over
an ethernet cable and received by an open source ROS package VRPN Client which
passed Pose measurements for each drone through an extended Kalman filter (ROS
package Robot Localisation), which published odometry messages at 20 Hz. The ROS
computer was connected by ethernet cable to a TP-Link AC5400 Wireless Tri-Band
MU-MIMO Gigabit Router which the MAVs were connected to over WiFi. The data
from each robot was tracked and logged on the ROS computer. These data sets were
then used to evaluate the performance of the system and subsequent behaviours.
Supplementary Information, Figure A-18: Experiment System Setup for Aerial-
AM.
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Using the experimental set up in Supplementary Figure A-18, a light trail virtual 3D
printing test was performed in the flight arena to evaluate the ability of the Aerial-AM
framework to govern three aerial robots and achieve the necessary autonomous actions
needed to construct a 3D geometry via Aerial-AM. To do this, three aerial robots
(modified ScanDrones) were located at three pre-defined ground station locations and
a 2.5 m diameter dome geometry generated using z = −cosh(x) to define its contour
whereby z and x represents height and radius respectively.
A dome structure was specifically chosen as it has a variable print layer contour
area throughout its incremental construction, aimed at verifying if the system would
change the coordination of robots and adapt to this geometric feature during the
building process. To analyse all the decisions and actions taken for each robot, all
the information generated in the network was recorded, which was updated at 9 Hz
by subscribing to ROS Topics of either Optitrack IR motion-capture marker positions
and local robot status information (including all instructions given to each robot when
performing tasks).
To analyse the operational behaviour of the Aerial-AM system, we represented the
data in a series of light trail trajectories that utilised light to represent printing
and navigation to and from printing tasks. The use of light-trail virtual printing
enabled us to obtain visual validation of recorded data, and to avoid additional
experimental constraints involved in the undertaking of cementitious deposition. Shown
in Figure A-5, these were created by tracking a set of coloured LED lights attached
to the modified ScanDrones that where activated when either performing a ‘printing’
state (blue) or not (red).
Each frame of the captured video of the validation experiment was assessed for intensity
and then mapped accordingly to generate a trail highlighting the path of the robot with
time. By doing so, the generated figures show that the Aerial-AM system was able to
autonomously coordinate the three aerial robots concurrently to and from their base
stations and printing tasks. Specifically, Figure A-6a and Figure A-6b highlighted the
ability of the system to segment the building geometry such that it could be distributed
across a team of robots.
Redundancy was also demonstrated by the ability to overcome failure events either due
to increasing congestion or if a robot was forced to retire due to a malfunction e.g. a
motor or propeller failure (Figure A-6). These results demonstrated key features for
supporting redundancy through congestion monitoring, and autonomous adaptation to
the changing spatial constraints of the print geometry throughout a printing mission.
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A.3.17 Supplementary Information - Aerial-AM simulation experi-
ments
A.3.17.1 Aerial-AM simulation of the 12 m complex tower geometry
The capabilities of the Aerial-AM simulation to adapt construction operations to a
complex geometry were evaluated by creating a simulation of the pylon tower geometry
at a height of 12 m in size, with horizontal contours 8 mm in height to match the build
height undertaken by the BuilDrone. Each contour is divided into a variable number
of print jobs of maximum length described above. Based on the above parameters, the
estimated total manufacturing time of 1,650,682 simulation frames may be translated as
50.44 hours of actual flight and printing time (in accordance with metrics obtained from
the Aerial-AM flight demonstration with three quadrotors). Battery changes are not
included in this estimate, as deployment of even two BuilDrones could mitigate this if
one BuilDrone is operating while the other undertakes a battery change. Theoretically,
the printing time could be reduced by printing with multiple robots in parallel.
A.3.17.2 Aerial-AM simulation of scalable cylinder and dome geometries
To evaluate the behaviour of the Aerial-AM framework against different building
scales, geometry and available numbers of aerial robots, we created an accompanying
simulation environment that mirrored the command structure used for the light trail
tests using three aerial robots. Utilising the data collected through BuilDrone physical
tests (including quadrotor size, deposition layer, and printing velocity dynamics), we
set up a series of simulation conditions comparing the operational performance against
two types of geometries:
1. A cylinder with a constant contour layer area over its height.
2. A dome structure which reduces in diameter with height using a pre-defined
function to determine its contour set for all conditions.
Dome and cylinder sizes were tested with equal base diameters and equal total
trajectory length, in order to assess the impact of constant (cylinder) versus variable
(dome) contour area throughout a printing assignment. In addition to replicating the
results used for the real flight demonstrator, the simulation platform provided the
ability to add N number of aerial robots and base stations. Further, as the same
command structure was used to develop the simulation environment, we were able
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to utilise the same data set analysis and logging procedures used for assessing the
real-world flight demonstration to evaluate performance.
To set up the simulation environment, the imported building geometry was broken up
into horizontal layers and lengths to represent printing trajectory tasks. The maximum
print length was constrained to the measured performance of a BuilDrone which was
then used to contour the geometry and divide each contour into a series of equal-length
curve paths within the maximum printing length linked to the battery and material
payload. The same robot functions were used as described for the real flight test
demonstrations. We also did not consider naturally occurring issues such as external
sources of wind and environmental conditions in the collision avoidance algorithms.
Shown in Figure A-4, energy and material recharging stations were represented and
placed uniformly around the target building geometry (whereby time spent at a
base station was set as a constant). Base station numbers matched robot numbers,
with each being located together and equally distributed around the perimeter of the
building geometry task. Due to the circular footprint of the geometries and the radial
distribution of robots and base stations, all initial spatial conditions were equidistant.
To summarise, the following geometry and robot conditions were examined:
• Cylinder: Base Diameter Size: 2.5 m, 7.5 m, 15 m
• Dome: Base Diameter Size: 2.5 m, 7.5 m, 15 m
• Number of Robots: 1, 3, 6, 9, 12, 15
As each simulation run was non-deterministic due to the asynchronous communication
model used between robots, 3 simulations for each geometric condition were computed.
To evaluate the simulation results, the trajectories taken by each robot and the
time taken to task completion were analysed. Based on these results the following
observations were made:
• Ability of Aerial-AM to adapt concurrent printing to differences in scale and
geometry. As shown in the simulation results (Supplementary Figure A-19 -
Figure A-24) for both dome and cylinder structures, it was observed that the
Aerial-AM system was able to introduce and retire robots based upon physical
congestion rules. This is evidenced by the number of active robots changing
towards task completion and thus validates the ability of the system to adapt to
different geometries (Supplementary Figure A-26, Figure A-27).
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• Concurrency in construction is a primary factor in improving performance:
Intuitively, increasing the number of robots resulted in a decrease in time to
task completion. As shown in Supplementary Figure A-25, for both cylinder
and dome-like structures, increasing the number of robots resulted in a decrease
in time to task completion. It was demonstrated that this was also achieved
with flexible robot-combinations that vary per print contour layer as evidenced
in Supplementary Figure A-28 - Figure A-33. A comparison of the percentage
gain between operation with a single printing robot versus conditions with
increasing number of robots also confirmed this trend, but with diminishing
returns progressing from three to fifteen robots across each size, suggesting an
optimum number of robots relative to each geometry size. In a number of tests,
time to completion slightly increased if the robot population was excessively large
relative to the geometry highlighting slight inefficiencies in our framework to
ascertain appropriate levels of congestion.
• The relationship between time to task completion and the optimum number of
BuilDrones is limited by the scale and geometry of the active print job. As shown
by the change in performance between robot numbers relative to each geometry
size, we observed that increases in robot population were shown to produce an
exponential decrease in time to completion for each dome and cylinder geometry
(Supplementary Figure A-31). While the 2.5 m diameter dome and cylinder
geometries were too small to reduce task to completion time with robot numbers
greater than one, larger domes show increasing benefits from deployment of larger
numbers of drones. It is posited that as the footprint size (or average print
contour area) increases, congestion plays less of a role in limiting the ability
to divide up tasks by the available robots. By comparing results from the
cylinder and dome-like structures, this showed different behaviours in which the
Aerial-AM system would introduce and retire available robots. For example, in
the dome-like structure, layers at the top with a limited contour area were not able
to support large numbers of concurrent robot printing tasks compared to initial
print layers that had a larger contour area size (Supplementary Figure A-27). In
contrast, in a cylinder structure where the contour area does not change over its
height, the congestion constraints were constant (Supplementary Figure A-26),
maintaining the same number of concurrent robots throughout construction (with
the exception of an initial retiring of robots if the number exceeded viability for
the given cylinder size, or near the end where they may have been a partial
circle for the final print layer in order to match the total print length to the
dome geometry of same base diameter). The differences both geometries have
in robot number participation correlates with the observed differences in time
to completion rates between dome and cylinder geometries of the same diameter
(Supplementary Figure A-25).
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• Congestion dynamics is a primary factor in limiting performance and the
optimum number of BuilDrones for a print job. For the two smaller domes,
beyond six robots for the 2.5 m diameter dome and 9 robots for the 7.5 m
diameter size, additional robots appeared to have an adverse affect on time
to completion, highlighting inefficiencies caused by increased robot congestion
not seen in the larger 15 m diameter dome (Supplementary Figure A-25). A
comparison of each geometry’s total print length and average print contour plan
area highlights geometrical influences on time to completion metrics. We graphed
the total printing length for each cylinder and placed this opposite each dome of
identical base diameter in a symmetrical fashion, and plotted this against time to
completion rates for different populations of robot. This data was compared with
a similar plot of each cylinder and domes average print layer contour area in lieu of
print length (Supplementary Figure A-34). While the length values are identical
for each cylinder and dome base diameter and produce a symmetrical plot, the
area values are asymmetrical due to the decreasing contour area over height for
each dome. Plotting the time to completion rates for each tested population of
robot yields intuitive yet clear results. A single robots time to completion is
directly tied to the printing length of the geometry with no possible influence
of congestion and therefore print contour area, and therefore plots symmetrically
between cylinder and dome geometries in Supplementary Figure A-34a. All other
plots indicate that not only do time to completion rates decrease with greater
numbers of robots, but also that these values plot asymmetrically, more related
to the average contour area than the total printing length for each geometry.
In Supplementary Figure A-25b, cylinder geometries with larger average contour
areas demonstrate more efficient time to completion rates than domes of identical
base diameter. Average print contour area is a two dimensional plan-based means
of evaluation, suggesting that congestion operated in an almost plan-a-metric
fashion. This is perhaps partially due to a rule related to print layer strata and
partially due to robot avoidance rules. Print jobs could not be undertaken above
other print jobs not yet executed in a lower strata, while the entire print mission
constrained all robots only to undertake print jobs across a total of three adjacent
strata layers at any one time, which results in all printing being undertaken within
a small z-depth of space at any one time. Additionally, robots were constrained
to ensure they did not pass over or under each other in order to avoid down-wash
from a robot at higher altitude causing turbulent flight in a robot passing beneath.
This resulted in robot co-habitation of the printing task area being relatively
two-dimensional also. By evaluating the average print layer contour area relative
to the number of robots related to task completion, in the case of horizontal layer
printing the simulation showed that the affect of congestion directly related to
the scale and geometric area of the print layer. For example, it was observed
that given the print trajectories are horizontal contours, therefore the variations
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in geometry’s’ impact on task completion can be described as a metric of the
average print contour area relative to the number of robots.
Through these observations, we postulate that the model governing how robots retire
and overcome congestion greatly influences the ability to adapt to different geometries.
For example, for a dome structure with the same ground diameter dimensions as a
cylinder and the same total print length, due to decreasing contour areas towards
the top of a dome structure, the printing mission results in greater congestion and
limits the concurrency capacity of the system, therefore reducing the overall production
rate. While the congestion rules were developed as locally perceived acts of collision
avoidance by individual agents, observation of the data enables us to now derive an
optimal relation between the number of robots relative to the footprint area at any
given time. As a result, it is posited that the average contour print area of a geometry
is the greatest limiting factor in governing overall time to completion and energy use
across different geometries.




Weight with 6S battery 2.1kg
Maximum take-off weight 6.5 kg
Propulsion
system
Motor model DJI 4126
Propellers DJI 1760 foldable
ESC DJI E640S
Flight controller Pixhawk Model 1
Battery LiPo 6S 16000mAh
Onboard computer Intel NUC i7-7567U 300g
Performance
Hovering time 18 minutes
Mixed flight 15.5 minutes
Maximum speed 30 km/h
Hovering accuracy (Vicon) <10mm
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Supplementary Information, Figure A-19: 2.5m diameter cylinder simulation
printing trajectory results - perspective view.
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Supplementary Information, Figure A-20: 7.5m diameter cylinder simulation
printing trajectory results - perspective view.
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Supplementary Information, Figure A-21: 15m diameter cylinder simulation
printing trajectory results - perspective view.
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Supplementary Information, Figure A-22: 2.5m diameter cylinder simulation
printing trajectory results - perspective view.
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Supplementary Information, Figure A-23: 7.5m diameter cylinder simulation
printing trajectory results - perspective view.
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Supplementary Information, Figure A-24: 15m diameter cylinder simulation
printing trajectory results - perspective view.
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Supplementary Information, Figure A-25: Time to completion for each dome and
cylinder size relative to the number of robots.
Supplementary information, Table A.8: Breakdown of High level Aerial-AM robot
functions.
Robot Function Description
Off Robot is powered down and not available
Ready Robot is ready for take off instruction and waiting for a print
job to be assigned
Seek print Robot will attempt to generate and follow a path to its print
job
Printing Robot is in the process of executing a print job by depositing
material while flying along a list of waypoints defined within
the print job
Seek base Robot will attempt to generate and follow a path to the
closest base
Avoid Robot is in the process of avoiding another Robot or
previously constructed material
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Supplementary Information, Figure A-26: Number of active robots relative to
currently undertaken print contour area (each data point represents the average
data for four contour layers). Different Robot Population Sizes for each Diameter of
Cylinder Geometry.
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Supplementary Information, Figure A-27: Number of active robots relative to
currently undertaken print contour area (each data point represents the average
data for four contour layers). Different Robot Population Sizes for each Diameter of
Dome Geometry.
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Supplementary Information, Figure A-28: 2.5 m Diameter Cylinder: Print jobs
undertaken by each specific robot throughout the print mission for different populations
of robot.
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Supplementary Information, Figure A-29: 7.5m Diameter Cylinder: print jobs
undertaken by each specific robot throughout the print mission for different populations
of robot.
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Supplementary Information, Figure A-30: 15m Diameter Cylinder: print jobs
undertaken by each specific robot throughout the print mission for different populations
of robot.
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Supplementary Information, Figure A-31: 2.5m Diameter Dome: print jobs undertaken
by each specific robot throughout the print mission for different populations of robot.
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Supplementary Information, Figure A-32: 7.5m Diameter Dome: print jobs undertaken
by each specific robot throughout the print mission for different populations of robot.
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Supplementary Information, Figure A-33: 15m Diameter Dome: print jobs undertaken
by each specific robot throughout the print mission for different populations of robot.
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Supplementary Information, Figure A-34: Impact of geometry on Aerial-AM time to
completion metrics.
Supplementary Information, Figure A-35: 12 m Tower Aerial-AM analysis.
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